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Preface 


Clinical biochemisiry encornpasses the use of biochemical 
techniques both in the study of fundamental disease proc- 
esses and in the diagnosis and management of disease. 
It impinges on every medical and surgical speciality, and 
as research increasingly reveals a biochemical basis to 
disease, s0 there is an increasing requirement for the 
development of simple but reliable biochemical tests to 
diagnose, monitor, scréén for and detect the complica- 
tions of discase. 

Medical and surgical practice has become imcreasingly 
specialised, Most physicians are no longer general physi- 
cians but chest physicians, neurologists, gastrocnterologists 
(even hepatologsts or ‘hollow organ’ gastroenterologists}, 
etc. Similarly, many surgeons specialise exclusively in, 
For example, urology, orthopaedics or neurosurgery, while 
even gencral surgeons tend to have their specialist inter- 
ests. Despite this, it remains important that the specialist 
remains conveérsant with general medicine or surgery. 

Spécialisation in pathology has resulted in the demmise 
of the ‘general pathologist”, who was as adept at perform- 
ing an autopsy as doing a CGram's stain or a blood glucose 
estimation, But although there is specialisation even 
within the pathology specalities, so that climical bio- 
chéemusts may have particular expertise in, for example 
pacdiatnc or toxicological biochemustry, the practice of 
most chrcal biochermusts covers the whole range of 
medical and surgical specialities, À request for a bio- 
chemical test is in effect a request for a clinical opinion on 
a patient, and clinical biochemists, be they medically or 
scientifically qualified, must be in a position to under- 
stand the reason for the request and the use co which the 
result will be put as well as being able to ensure that the 
test itself is performed to à high standard. 


There are several excellent textbooks devoted to the 
analytical aspects of clinical biochemistry. At a post- 
graduate level, comprehensive coverage of the metabolic 
and clinical aspects of chmical biochemistry 18 more 
difficult to find. Specialist texthooks, reviews and original 
papers are all important sources of information, but we 
believe that there is a place for a single textbook covering 
thé metabolic and climcal aspects of the whole of clinical 
biochemistry, 

For doctors and scientists, learning is a lfe-long 
process which does not stop after qualification or even 
after postgraduate examinations. We hope that this book 
will be of value both to people srudving for examinations 
in clinical biochemistry (for example, MSc degrees and 
the Membership of the Royal College of Pathologists) and 
to clinical biochemists in career posts. 

The authors of individual chapters have contributed 
their specialist knowledge in their respective fields and as 
éditors we have been fortunate in that they are also good 
writers. We have endeavoured to ensure comprehensive 
coverage of the individual topics to a similar level, a con- 
sistency of style and minimum of overlap — all perennial 
headaches for the editors of multi-authors books — without 
destroving the character of individual contributions. 

We have opted to provide short, annotated lists of 
‘Further Reading’ rather than for each chapter to be fully 
referenced. The bibliographies indicate the authors’ ‘best 
buys’ for more detailed study. Information retneval is now 
so simple that readers secking morc recent references 
should have no difficulty accessing them through their 
local libraries. 

We are grareful to our contributors for their chapters, 
their enthusiasm for the project, and their positive re- 
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sponse 10 our cditorial input. We have made friends along 
the way, and shared their vicissitudes. At the Easthourne 
end of thé echtorial process, Gladys Suckler has provided 
unstinting secretanal support, wlulst frequentiy lifting 
the spanits of the South London editor with her good hu- 
mour during many téléphone conversations. At Churchill 
Livingstone, it was a pleasure to work with Dilys Jones, 
whose constant encouragement sustamed us through 
mans difficult periods, and whose edirorial guidance has 
been exemplary. Graham Birnie tock over the reins inside 
the final furlong, and saw us safely to the finish and inta 
the unsaddhing enclosure. Timothy Horne, whose idea the 
book was, has been supportive throughout. 


Wives and families scem always to be mentioned last, 
but if the last words that are read are the ones most likely 
to be remembered, that is appropriate here. Lorraine 
(Bangert) and Wendy (Marshall) have been nothing short 
of wonderful with their emotional and practical support 
throughout this project, and we dedicate this book to 
them. 
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Wulham 7. Marshall 


INTRODUCTION 


The science of biochemistry is fundamental to the practice 
of clinical medicine. Many diseases have long been known 
to have a biochermical basis and research in biochemistry 
is increasingly providing descriptions of pathological pro- 
cesses and explanations for disease at a molecular level. 

As à result of the application of biochemical principles 
and techniques to the analysis of body fluids and tissues, 
chmcians have an extensive and suiil increasing range of 
iochemical tests that can be called upon to aid chimical 
decision making. Such rests can provide information vital 
to the diagnosis and management of many conditions, 
both those with an obvious metabolic basis (e.g. diabetes 
mellirus) and those in which metabolic disturbances occur 
as a consequence of the disease (e.g. renal failure). On the 
other hand, many conditions are successfully diagnosed 
and treated without recourse to any biochemical testing 
while there remain conditions in which it might be ex- 
pected that biochemical tests would be of value but for 
which appropriate tests are not yet available, For example, 
there are as vet no practical biochemical tests for the 
major affective disorders (see Ch, 32), although there is 
increasing evidence that biochémical disturbances are 
involved in the pathogenesis of these conditions. 

The widespread availability of analvsers, ranging from 
large automated instruments capable of performing multi- 
ple biochemical tests on single serum samples to relatively 
simple instruments designed to measure only one or a 
few analytes, means that considerable quantities of clinical 
biochemical data can be made available quickiy, reliably 
and economically. The ordering of a biochemical test is a 
simple procedure and there is no doubt that tests are often 
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requested automatically, without regard for their potential 
value in the specific clinical setting. Climical biochemists 
decry this but do themselves no favour by their use of 
the term, widels employed by clinicians, ‘routine tests’ 
(referring to frequentiy performed tests) and even ‘routine 


laboratories" (meaning the places where these tests are 


done). 

Ideally, tests should always be performed because there 
is à specific indication for them, that is, because ir is 
anticipated that their results will provide information of 
benefit to the management of the patient. However, it 
cannot be denied that tests requested for no specific rea- 
son can sometimes provide valuable information. Most 
clinicians are able to recall occasions when an unexpected 
result from a ‘routine test’ has provided the eéssennial clue 
to the diagnosis in a difficult case. 

The potential range of investigations available to sup- 
port the clinician is considerable, ranging. for example, 
from simple dip-stick tests on urine costing fractions of a 
pound to magnetic resonance Imaging using équipment 
costing hundreds of thousands of pounds. There is an 
understandable tendency for clinical biochemists to think 
that biochenucal tests are pre-eminent among special 
investigations. In some conditions they are, in others they 
have no role, while in many they are valuable when used 
in Conjunction with the results of other investigations. The 
clinician should be sware of the whole range of investiga- 
tions that are available, but needs also to be able to appre- 
ciate their various advantages and hmitations. The clinical 
biochemist, too, needs to be aware of the role of other 
investugations, so that he or she can view biochermical tests 
in context and advise on their suitabihity and the inter- 
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pretation of their results in specific clinical circumstances. 
It has been the editors’ aim to ensure that this information 
is provided where relevant in this book. 

Às will be discussed in thus and the following two chap- 
térs, the processes of acquiring, interpreting and using 
biochemical data are complex. À biochemical result on its 
own is of no value, It requires intérpretation and proper 
interprétation requires that the reason for its being re- 
quested 1s properly understood. [rt 15 co the potential uses 
Gf biochenmcal data in clinical practice that this chapter 
is devoted, 


SPECIFIC USES OF BIOCHEMICAL TESTS 
Diagnosis 


It has been said that diagnosis in medicine is an art, not 
a science, yet the process of diagnosis is susceptible to 
sentilic analysis. Making a diagnosis 15 the equivalent of 
propounding a hypothesis. À hyporchesis should be tested 
by experiment, the results of which mav confirm., lend 
support to or refute the hypothesis, which can then be 
extended, modified or discarded, as appropriate, in favour 
of an alternative. The validity of a chimical diagnosis 15 
tested by observation of the natural history or the re- 
sponse to appropriate treatment, or by the results of 
definitive investigations; the diagnosis will be confirmed 
if these are as expected from knowledge of previous cases. 
If they are not. it must be reviewed, 

Clinical diagnosis is based an the parient’s history and 
clinical examination. Taking general and hospital practice 
together, it has been estimated that in more than 80% of 
cases, a confident diagnosis can be made on the basis of 
the history or the history and clinical findings alone. Even 
when this cannot be done, it should be possible to formu- 
late a differential diagnosis. that is, a list of diagnoses that 
could explain the climical observations, The results of 
investigations may then lead to one of these being con- 
sidered the most likely and providing a rational basis for 
treatment. Subsequent observation will indicate whether 
the diagnosis was correct. 

Although not necessanily required for the management 
of an individual patient, it may be possible to éxtend the 
chinical diagnosis by further investigation to determine the 
pathogenesis of the condition and ultimately its under- 
lyving cause. For example, measurement of plasma enzyme 
activities anc an electrocardiogram may confirm a clinical 
diagnosis of mvocardial infarction in a patient with chest 
pain, angography could be used to deméonstrate coronary 
atherosclerosis (although it is not necessary unless surgery 
ot angioplasty is being considered); the finding of hyper- 
cholesterolaemia would indicare a causative factor for the 
atherosclérosis and 4 fanuly history of prematuré heart 
disease would suggest that the hypercholesterolaemia was 


familial. Familial hypercholesterolaemis 15 known to be 
due to à decrease in the normal number of low density 
hpoprotein recéptors on cell surfaces and a number of 
mutations in DNA have been identified, any of which can 
be responsible. 

The ideal diagnostic test would be 100% sensitive (all 
cases of the condition in question would be correctly diag- 
nosed using it) and 100% specific (no individual without 
the condition would be wrongly diagnosed as having it}, 
The concepts of specificity and sensitivity are examined 
fully in Chapter 3, In practice, the capacity of biochemical 
tests to provide precise diagnostic information 1$ ex- 
tremely variable. At one end of the spectrum, the tech- 
niques of genetic analysis are making it possible reliably 
ta diagnose inherited metabolic diseases in utero; at the 
other, to take just one example, a decrease in plasma 
sodium concentration Can occur in many different 
conditions and is on its own diagnostic of none of them. 

Molecular genetic analysis is a special case of the use 
of biochemical tests for diagnosis. It is used to detect the 
presence of a mutation responsible for a specihic disease. 
Even when possession of a mutation does not ineévitably 
result in the development of a disease, it can indicate in- 
creased susceptibility to a condition. However, although 
molecular genetics is a rapidiy developing field, many 
genetically determined conditions, imcluding inherited 
meétabolic diseases, are still diagnosed on the basis of thetr 
biochemical phenotype, 

With the exception of genetically determined diseases, 
the nurnber of conditions in which biochemical tests alone 
provide a precise diagnosis is very small. There are several 
reasons for this. Biochemical changes are often a conse- 
quence of a pathological process which can be common to 
many conditions. Thus although tissue destruction leads 
to the release of intracellular enzymes into the plasma, few 
such enzvmes are specific to any one tissue; further, tissue 
destruction can occur for many reasons, for example, 
ischaentia, exposure to toxins, etc. Ît also frequently 
happens that a biochemical variable can be influenced by 
müore than one type of process. To cite a farmmiliar example, 
the plasma albumin concentration can be influenced by 
changes in the rates of synthesis and degradation of the 
protein, and by changes in its volume of distribution, and 
the rate of synthesis in turn depends on substrate supply 
and hepatic function among other factors. Even when a 
biochemical change is specific to one condition, it may not 
indicate its cause and this may need to be established 
before the condition can be treated appropriately. For 
example, the demonstration of a high plasma concentra- 
tion of the thyroid hormone, tm-iodothyronine, is charac- 
teristic of hyperthyroidism but this can be a result of 
several different thyroid diseases and treatment appropri- 
ate for one of these may not be appropriate for another. 

When a biochemical test is used for diagnosis, the 


result obtained in the patient will usually have ro be com- 
pared with a reference range, that is, the range of values 
that can be expected in comparable (e.g. for age and sex) 
healthy individuals. The theory of reference ranges is dis- 
cussed further in Chapter 3 but two points require 
particular emphasis here. 

First, the natural variation of biochemical parameters 
such as the concentrations of constituents of the plasma 
is likely to be less in an individual than in a group (even if 
well matched to the individual). Secondly, for many bio- 
chemical variables, there is overlap, often considerable, 
between the range of values seen in healthy individuals 
and those characterisnic of disease, Thus a test resuit in 
a patent with a disease may fall into the range typical of 
healthy people and vice versa. This overlap stems in part 
from the fact that some organs have considérable reserve 
capacity. The liver, kidney, pancreas and small intestine 
exemphfy this. For example, in renal failure, renal func- 
tion may suil bé sufficient to maintain normal homoco- 
stasis with respect to body fluid composition even when 
half the functional capacity of the kidneys has been lost, It 
should not therefore be surprising that simple measure- 
ments of function can vield normal results in patients with 
renal disease. In chronic pancreatitis, biochemical evi- 
dence of functional disturbance (e.g. of malabsorption) 
usually only becomes apparent when at least 80% of the 
funcnonal capacity is lost, although the characteristic 
severe pain often occurs at an earlier stage. Similarly, 
discase of the small intestine by no means always results 
in malabsorption. 

When previous measurements are available in an indi- 
vidual, test resulrs can be compared with these values, 
rather than with a reference range. Indéed, biochemical 
tests are sometimes made 10 provide a ‘“baseline’ against 
whuch to assess furure results, particularly if there is risk of 
a parucular complication developing or 1f a change can 
be anticipated from the natural history of the disease or 
the expected response to tréatment. À change in a bio- 
chemical vanable in relation to a previous result may be of 
significance even if both results are within the reference 
range. 

The capacity of a biochemical test to provide diagnostic 
informauon can be quantified by the calculation of a 
mathematical function known as the predictive value. 
As will be discussed in Chapter 3, the predictive value of a 
diagnostic test depends on the prevalence of the condition 
in the group of people to whom the test is applied. If a 
diagnostic test is used indiscriminately, its predictive value 
will be low. 

The majonity of biochemical vests made for diagnostic 
(and, indeed, for other) purposes involve analysis of 
plasma or serum, but changes in the concentration of 
analvtes in these fluids do not necessarily parallel changes 
in intracellular or whole-body content, either in quantity 
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or in their time course, and vet it may be these quantities 
that are morc relevant to the underlving pathology. 

Finally, whatever purpose biochemical data are used 
for, it is essential that they are reliable and are available im 
time to be of use, Under some circumstances, it may be 
permissible to sacrifice some quality im order to obtain a 
result rapidly but in general every artempt should be made 
to minimize the influence of both analytical and pre- 
analytical factors on the accuracy and precision of data. 
This topic is considered further in Chapter 2. 


Management 
Assessment of disease severify 


Most biochemical tests are quantitative and the more ab- 
normal a result 18, the greater is likely to be the pathologi- 
cal disturbance causing it. Often, the extent to which a 
test result is abnotmal correlates well with the severity of a 
condition but this is not alwavs the case. The diagnostic 
test may not réflect that aspect of the condition of greatest 
importance in terms of severity; thus two patients with 
hépatitis may have equally raised plasma aminotransferase 
activities (reflecting tissue damage) but the condition will 
be judged more severe if in one the prothrombin time is 
prolonged (reflecting impaired hepatic functional capac- 
ity). Furthermore, overall disease severity (in relation to 
its effect on the patient) is likely to depend on many other 
factors, including the nature of the condition itself, the 
patient's age, previous state of health, the existence of 
other 1llness, etc. 


PFrognastis 


In general, the results of biochemical tests are poor indi- 
cators of prognosis but there are exceptions to this. For 
example, the plasma bilirubin concentration at the timé 
of diagnosis in patients with primary billary cirrhosis cor- 
relates well with outcome; a high plasma concentration 
of aiphafetoprotein in a patient with testicular tératoma 1s 
of prognostic sigmificance but the concentration of para- 
protein in a patient with myeloma is not, Other examples 
are discussed in the ensuing chapters. 


Montioning the progression of discase 


Although biochemical data alone are of limited use in 
diagnosis, serial measurements are of considerable value 
in monitoring the natural history of a disease or its 
response to treatment, The more closely the variable(s) 
being measured relates to the undéerlying pathological 
process or functional abnormality, the better it will be for 
this purpose. 

However, the reason for a change in a biochemical 
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variable is not alwavs the most obvious (or hoped for) so 
that even if an observed change is as expected or desred, 
the result should be interpreted with care. For example, 
a decrease in urine protéin excrétion in 4 patient with 
glomerular disease may indicate resolution of the under- 
lying condition, but it can also be a result of deterioration 
leading to a decrease in the glomerular filtration rate. 
Biochermical data must always be intérpreted in the hight 
of clinical assessment and the results of other relevant 
investigations, not in isolanon. Nevertheless, intervention 
may sometimes be appropriate on the basis of a bio- 
chemical change alone, if this has been shown reliably to 
predict a significant clinical change. This is the principle 
on which biochemical screening tests for specific disorders 
are based, It is als0 true in other circumstances, for exam- 
ple, in hyperkalaemia in a patient with renal failure. 

When serial biochemical measurements are used to 
follow the response to treatment, the failure of an ex- 
pected change to occur may suggest that the treatment 1s 
inadequate or inappropriate, In therapeutic drug monitor. 
ing (TDM, see Ch. 36), biochemical measurements may 
actually indicate a possible cause for non-response to 
treatment. 

Biochernical tests can also be used to detect the devel- 
opment of complications of diseases or their treatment 
before these become obvious clinically and thus allow ap- 
propriate action to be taken before there is any clinical 
deterioration. They may even be used to prevent compli- 
cations: for certain drugs, TDM allows presymptomaric 
detection of potentially toxic concentrations of the drug, 


Screening 


Screening for disease implies attempung to detect disease 
before it becomes mamfest through the development of a 
chucal disturbance. Inherent in the concept of screening 
is that appropriate management of subchnical disease is 
of potential benefit to the patient. Screening can involve 
clinical assessment, laboratory and other tests, For some 
conditions (particularly inherited metabolic diseases), 
screening may involve a single biochemical rest. But the 
term is also used in relation to the performance of a 
battery of biochemical tests (often combined with other 
types of investigation) in healthy people in an attempt to 
detect any of a number of conditions, in the belief chat 
a set of ‘normal” results — that is, within the appropriate 
reference limits — excludes these conditions. As will be 
seem in Chapter 3, considerable care is required bath in 
the devising and in the interpretation of the results of 
screening tests. While a set of ‘normal’ results may appear 
reassuring and may indeed exclude the presence of certain 
diseases, they may convey a false impression since early 
disease will not always be identified; and the diagnosis of 
a condition when symptoms develop may even be delayved 


if it was deemed to have been excluded by the earlier 
demonstration of ‘normal’ results, Because of the way in 
which reference ranges are defined, the more tests are 
performed, the more likely it is that an ‘abnormal” result 
(i.e. outside the reference limits) will be generated which 
is not related to the presence of disease, 

À screening test on its own should not usually be re- 
garded as being diagnosuc. When the prévalence of a 
condition in the population being screened is low, the 
predicuive value of à positive result is often lower than 
is generally supposed. Diagnoses made on the basis of 
screening tests must always be confirmed by further inves- 
ügation. The use of direct methods fe g. oligonucleotide 
probes, see Ch. 41) to detect mutations in DNA :s an 
exception to ts. Properly conducted, they are definitive 
with regard to the detection of mutations, although not 
necessarily (for the defect may be recessive or penetrate 
incompletely) for the development of disease, 

Scregning may be applied to a population, to groups 
within a population shanng 4 common characteristic or to 
individuals. According to the nature of the condition in 
question. screening may be carried out antenatally, shortiy 
after birth, during childhood or during adult life. The 
strategy adopted will depend on the risk of the condition, 
the probability of its presence, the availabilhity of suitable 
screening tests and, inevitably, the cost — particularly the 
economic cost of the programme but also the personal 
cost to individuals, for example those who test ‘false posi- 
tive’ (that is, who are detected by the programme but on 
further investigation are found not to have the condition 
in question) and, with inherited diseases, the relatives of 
individuals detected by the programme. 


Populanon screening 


Economic and logistic considerations preclude the screen- 
ing of whole populations for disease, although it has been 
advocated, for example, that all adults (some suggest only 
males, others males and females) should be screened for 
hypercholesterolaemia. Although this would undoubtedly 
lead to the identification of a significant number of indi- 
viduals at greatiy increased risk of coronary heart disease 
because of severe but asymptomatic hypercholesterolae- 
mia, such a programme, however desirable, would be very 
costly and it has been argued that resources would be 
better devoted to measures to improve the general health 
of the population, by encouraging a healthy diet and 
hfestyle. 


Selechiue screening 


Selective biochemical screening for disease is already 
practnised extensively in developed countries. The neonatal 
screening programmes for phenvliketonuria and congenital 


hypothyroidism are the best known examples. These com- 
plement the thorough clinical screening of the newbormn 
for conditions such as congenital cataract, imperforate 
anus, etc. Although it wouid be possible to devise bio- 
chemical tests to screen the newborn for many severe 
inherited metabolic diseases which are amenable to treat- 
ment, the rarity of most of these conditions and hence the 
cost of the programme in relation to the benefit precludes 
this being done. 

However, where a condition is particularly common 
in a defined group, screening may be appropriate even 
though it would not be for the population at large. Ante- 
natal screening for Tay-Sachs disease im Ashkenazi Jews 
is ont example. 

For hypercholesterolaemia, selective screening 1s a 
more practicable procedure than population screening. It 
can be applied to people in whom there is a high probabil- 
ity of hypercholesterolaemia being present, for example 
members of families in which there is a history of hyper- 
cholesterolaemia or premature coronary heart disease. 
Such screening can also be directed towards people al- 
ready at increased nsk of coronary heart disease because, 
for example, they are smokers or have hypertension or 
diabetes, whose risk would be increased further by hyper- 
cholesterolaemia. Other examples of selective screening 
are discussed in the relevant chapters of this book. 


Individual screening 


Examples of individual screening include antenatal 
screening of a ferus for an inherited disease when a pre- 
vious child of the parents has been found to have the 
condition or when there is a strong family history of the 
condition. This has been practised for some time for 
certain inherited diseases, but the number for which it can 
be done will grow rapidiy now chat the mutations respon- 
sible for inherited diseases are becoming known. Although 
undoubtedly it will become possible successfully to treat 
some of these conditions fr wrero, at the present rime ante- 
natal screening is mainly aimed at detecting conditions 
whose conséquences are so severe that it is considered 
appropriate to terminate the pregnancy if the genetic 
abnormality is present. Given this possible outcome, it is 
cleariy essential chat if the diagnosis is to rest only on the 
result of the screening test, this should provide accurate 
and unequivocal results. 


Other uses of biochemical tests 


All the uses of biochemical tests that have been discussed 
thus far are potentially of direct benefit to the patient. 
Other important uses include the provision of informauon 
for teaching and research. Usually, this will relate to one 
of the categones discussed, Although such data may not 
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be of immediate benefit to the patient, both these areas 
are of immense potential benefit, providing as they do 
information fundamental to the advance of knowledge. 
The use of biochemical tests 10 assess organ function in 
potential transplant donors is an example of the use of 
tests éntirely for the benefit of other people. 

Extensive biochemical tests are usually carrikd out 
during trials of drugs; these may be required as part of 
the assessment of their efficacy but are also essential for 
the detection of possible toxicity. 

Investigations may also be performed for the benefit 
of the doctor rather than the patient. Few doctors have 
not been guilty at some time of requesting biochemical 
tests for reassurance, The supposition is that if a battery 
of test results are within reference limits, then the condi- 
tons in which abnormalities are known to occur cannot 
be present. Às has been emphasized above, thus sup- 
position is erroneous and any reassurancé may be un- 
founded. Biochemical tests should be requested for one 
of the reasons discussed in the relevant chapter and not 
‘routinels”. Neither should jumor medical staff be put 
under pressure 10 request unnecessary tests to placate 
their semors. 

Ir is regrettable that there is an increasingly perceived 
need for doctors to carry out a comprehensive range of 
investigations in case of subsequent lhiugation. Whilsc chis 
is understandable, it should not be necessary if investiga- 
tions are requested and performed in response to the 
individual clinical circumstances. There will always be 
investigations which could have been done but no blame 
should attach to a dector who failed to carry one out 
if it was not indicated clinically, either on the basis of 
the known natural history of the disease or the predictéd 
response to and known complications of treatment. 


CONCLUSIONS 


Biochermmcal data are used extensively in medicine, both 
in the management of patients and in research. But before 
a test is requested, the ranionale for doing this should 
always be considered. Auromated analysers can perform 
many tests at à very low cost in relation to the total ex- 
penditure on health care, but the cost 15 not neghgible. 
There may also be a cost to the patient. Repeared vene- 
punctures to obtain blood for ‘routine’ tests are at best a 
nuisance and at worse can, particularly in children, cause 
a significant fall in the haematocrit. The laboratory hand 
book at one hospital of the author's acquaintance con- 
tained the following advice to junior medical staff ‘If vou 
need advice or time to dunk, ask for it do not ask for a full 
blood count and measurement of “urea and electrolytes"”, 
In common with other investigations, biochemical tests 
should be performed to answer specific questions; 1f there 
is no Question, à test Cannot provide an answer. 
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INTRODUCTION 


It has been emphasized in the preceding chapter that all 
investigations in medicine should be performed to answer 
specific questions. Only if it is known why an investigation 
was performed can the value of the result be adequately 
assessed. Whether data are to be used for diagnosis, 
management, screening, etc. it is essential that they are 
appropriate, reliable, available in time to be of use, 
provided economically and interpreted correctly. Action 
should then follow, the outcome of which will in turn vali- 
date the data and their use in that context, The achieve- 
ment of this goal requires careful attention to every step in 
the process from the ordering of the test, through the 
analysis, to the delivery of a report to the clinician, appro- 
priate action being taken and the effects of this action 
being assessed. 


THE TEST REQUEST 

A test request is generated by the completion of a form, 
either manually or through a computer terminal, which 
prompts the collection of the appropriate sample and 
essentially instructs the laboratory on the test(s) to be 
performed. According to the reason for the request, the 
expertise of the clinician and the practice of the labora- 
tory, the request may simply be for one or more specified 
analyses on a body fluid; for a more involved procedure 
such as a dynamic function test involving the collection 
of serial samples following a specific stimulus; or an open 
request to perform whatever tests are deemed appropriate 
by the laboratory staff to answer the question posed in the 


The acquisition of 
| biochemical data 


request. The majority of biochemical test requests fall into 
the first category although with the trend towards the pro- 
vision of medical care in the community, an increasing 
number are in the third. 

The information that must be given on a test request 
form is summarized in Table 2.1. 





















Fatient's name | 
unit number Identification ardt (age, sex) | 
date of birth mtérpretanion of resulrs 
Nox 

Return acidress (ei. wurd, Delivery of repurt 
chnic, surgery; telephone/page 

| number if urgent) 

| Name of clinician (and Liaison 

| telephonc/page nurnber) Aucdst 
Billing 

Chnical detæils (inclucing drug Jusufication of request 

treatment) Audit 
Interpretation 
Selection of appropriate teuts 
(to avoid drug interference) 

Test requested Instruction to arnalyst 

Sample(s) required Instruction vo phlebotonist 

Date (and time if appropriate) Identification 

Interpretation (with 
umedsequential requests) 
Audit 
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FACTORS AFFECTING TEST RESULTS 


The generation of biochemical data is subject to potential 
error at every stage in the process. It is essential that the 
sources of error are identified and understood, so that 
their effects can be minimized. 

The sources of errors in biochemical tests are conven- 
tionally described in three categories: 


® preanalytical, that is, either outside or within the 
laboratory but before the analysis is performed; 

® analytical, and 

® postanalyucal, that is, during data processing or 
transmission, or in relation to the interpretation of the 
data. 


PREANALYTICAL FACTORS 


Preanalytical factors may appear to be outwith the 
province of the clinical biochemist unless he or she is re- 
sponsible for collecting the specimen, but it is the duty of 
laboratory staff to ensure that chinicians understand the 
problems that can arise, so that samples are collected and 
transported appropriately. 

Preanalytical factors fall into two categories: those 
which relate directly to the patent (biological factors) and 
those which relate to the specimen obtained for analysis 
(technical factors), 


Technical factors 
These include: 


® correct identification of the patient; 

® appropriate preparation of the patient where 
necessary; 

e collection of the sample required into a container 
with, where necessary, the correct preservative; 

® accurate labelling of the specimen container, and 

e secure transport to the laboratory. 


Care must be taken during specimen collection to 
avoid contamination (e.g. of blood with fluid being in- 
fused intravenously or ussue fluid when capillary blood 
is being collected), haemolysis of blood or haemoconcen- 
tration (due to prolonged application of a tourniquet). 
Appropriate precautions are also required during the 
collection and transport of urine, spinal fluid, tissue (e.g. 
biopsy samples), etc. Biological material from patients 1s 
potentially infective and must be handled safely during 
collection, transport and analysis. Specimens known to be 
infective (e.g. from patients carrying the hepatitis B virus 
or HIV positive) are usually handled specially, but it 
is good practice to handle all specimens as if they were 
potentially hazardous. 

On receipt in the laboratory, the patient’s name and 
unit number on the sample must be checked against these 


details on the request form. In most laboratories, both 
specimen container and request form are labelled with 
a unique number (the laboratory number) at this stage, 
after which they may be separated for further processing 
(usually analysis of the specimen and transfer of data from 
the request form to a worksheet or a computer database). 
When the specimen has to be divided before analysis, an 
aliquot taken or plasma/serum separated from whole 
blood, it is essential that the secondary container is posi- 
tively identified, preferably by giving it the same number 
as the parent specimen. All these processes are facilitated 
if an integrated computer system allows the request form 
to be generated on the ward from information held in a 
central database, to which the laboratory has a direct link. 

Laboratories should have written protocols for the re- 
céption and handhng of all specimens to minimize the 
chance of error. 


Biological factors 


Numerous factors directly related to the patient can influ- 
ence biochemical variables, in addition to pathological 
processes. They can conveniently be divided into endo- 
genous factors, intrinsic to the patient, and exogenous fac- 
tors, which are imposed by the patient's circumstances. 
They are summarized in Table 2.2. 

In addition, all biochemical parameters show some 
intrinsic variation, tending to ‘hunt’ around the homoeo- 
static set point for the individual. 


Endogenous factors 


Age The reference values for many biochemical vari- 
ables do not vary with age, but for those for which age- 








Cortisal (daily) 
Gonadotrophins (in women, catarnenial} 
25-hydroxyvitamin D (seasanal) 


see Table 2.3 and text 


related changes do occur, it ts essential that analytical data 
are compared with appropriate reference values. An 
obvious example 1s plasma alkaline phosphatase activity, 
which is higher in children, paruculariy during the puber- 
tal growth spurt, than in adults. Other examples are 
discussed clsewhere in this book. 

Sex Apart from the obvious differences in plasma 
gonadal hormone concentrations between adult men and 
women, Other analvtes dernonstrate sex-related differ- 
ences in concentration, often because their metabolism 1s 
influenced by the gonadal hormones. Thus plasma choles- 
terol concentrations tend to be higher in healthy men than 
in women until the menopause, after which the levels in 
women tend to rise. In general, sex-related differences in 
biochemical variables are less berween boys and girls pre- 
pubertally, while the differences between adult males and 
females decrease after the menopause. 

When age and sex are important determinants of the 
level of a biochemical variable, measurements in patients 
should be considered in relation to age- and sex-related 
reference values 1f accurate conclusions are to be drawn. 

Changes in many biochemical variables occur during 
pregnancy and where necessary, measurements must be 
compared to reference values appropriate to the stage 
of gestation. The clinical biochemistry of pregnancy is 
considered in detail in Chapter 22, 

Body mass Obese individuals tend to have higher 
plasma insulin and triglyceride concentrations than the 
lean. Creatinine is derived from the normal metabolism of 
skeletal muscle and at a given glomerular filtration rate, 
plasma crearinine concentration is hkely to be higher in 
an individual with a large muscle bulk than one with 
a smaller. On the whole, however, body mass has licile 
effect on the concentrations Of substances in body fluids 
althougkh of course it is an important dererminant of the 
total guantiries Of many substances im the body. 


Exogenous factors 


Many exogenous factors can have profound influences 
on the concentrations of biochemical variables even in 
healthv individuals, They include rime, stress, posture, 
status with regard to food intake, drugs, exercise and 
concurrent 1llness (sce Table 2.2). 

Time-dependent changes KRhythmic changes occur 
in many physiological functions and are reflected in 
changes in the levels of biochemical variables with time, 
The time base may be diurnal (Le. related to the rime of 
day but usually nychthemeral, 1.e. related 10 the sleep 
wake cycle), catamenial or seasonal. In addition, some 
hormones are secreted in sporadic bursts (e.g. growth hor- 
mone during sleep) and when this occurs, it may be help- 
ful to collect several blood samples over a short period of 
time and to base climcal decisions on the mean value. 

The best known analyste having a diurnal variation im 
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concentration is cortisol. Its concentration is at a nadir at 
about midnight, rises rapidly to reach a peak at 8.00-9.00 
a.m. and then declines throughout the day, The implica- 
ons of such variations are cbvious, Observed values must 
be compared with reference values for specific rimes and 
in effect, because the rates of change can be rapid, meas- 
urements should only be made to cCoincide with an ex- 
pected peak or trough value, Other analytes showing a 
diurnal rhythm (but to lesser extents) include thyroid 
stimulating hormone (TSH} and prolactin. 

Some analvtes show regular variations in level with a 
different timebase, In women durnng the reproductive 
vears, the menstrual cycle is associated with regular 
changes in the concentrations of gonadotrophins, oestro- 
gens and progesterone. Measurements made for diagnos- 
tic purposes must be made at the appropriate time in the 
cycle; for example, an increase in plasma progesteronc 
concentration on day 21 15 an indication that ovulation 
has occurred. 

Plasma 25-hydroxycholecalciferol concentration varies 
with season, being higher in die surmmer (in the northern 
hemisphere) than in the winter, Cholecalciferol is synthe- 
sized in the skin in the presence of ultraviolet light and 
provides a supply of substrate for 25-hydroxvlation in the 
liver. This reaction is not subject to feedback regulation, 
uulike the further 1-hydroxylation in the kidney necessary 
for the production of the calcium-regulating hormone, 
calcitniol, Thus plasma calcium concentration does not 
usually change with the season. It may do in patients with 
sarcoidosis, in whom there is pathological 1-hydroxylation 
of 25-hydroxycholecalciferol that is substrate-dependent 
and not subject to feedback control. 

Stress (Concern for the patient dictates that stress 
should be minimized at all times, buc this is particularly 
important in relation to blocd sampling for those analytes 
whose level is responsive (usually by increasing) to stress. 
Pituitary and adrenal hormoncs arc particularly affected. 
Thus plasma ACTH, cortuisol, prolactn, growth hormone 
and catecholamine concentrations all rise in response to 
stress. Indeed, this effect is utilized in tests ro examine 
pituitary funcuon. However, avoidance of stress is vital 
when collecting samples for the measurement of these 
hormones under other circumstances. For example, the 
demonstration of a midnight plasma cortisol concentra- 
uon lower than that obtaining shortly after waking is a 
very sensitive test for the exclusion of adrenocortical 
hyperfunction (Cushing's syndrome), But there is a 
danger of false positive results since even the stress of 
vénépunçcture can increase plasma cortisol concentration, 

Posture Posture has a significant effect on a wide 
range of analytes. The best-known of these are plasma 
renin activity and aldosterone. Both are higher in the 
standing than the recumbent (or even sitting) position, 
particularly shortly after the change in posture, as a result 
of a decrease mn renal blood flow, 
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The effect of posture on certain other analytes is less 
well appreciated. When an individual is upright, there is 
a greater tendency for fluid to move from the vascular to 
the interstitial compartment than when he is recumbent. 
Small molecules and 1on$s in solution move with water, 
but macromolecules, and smaller moieties bound thereto, 
do not. Às a result, the concentrations of proteins, includ- 
ing lipoprotwæins, and of protein-bound substances, for 
example thyroid and other hormones, calcium and iron, 
tend to be approximately 10% higher when an individual 
is upright than when he is recumbent. Intermediate values 
occur when sitting. This effect may be relevant when data 
collected on outpatients (who are usually bled sitting) are 
compared with those from inpatients (often bled when 
thev are recumbent). 

Food intake The levels of many analytes vary in rela- 
tion to food intake. Frequently encountered examples in 
plasma include glucose, tmgiycerides and insulin, all of 
which increase following a meal, so that their concentra- 
tions should usually be measured in the fasting state, un- 
less it is desired specifically to examine the effect of recent 
intake (as in the glucose tolerance test), Some specific 
dietary constituents can affect biochemical variables; 
thus vanillin (present, for example, in some ice creams) 
can appear to increase the urinary excretion of hydroxy- 
methoxymandelic acid and may falsely suggest the presence 
of a catecholamine-secréting tumour, À protein-rich meal 
results in increased urea synthesis and increases plasma 
urea concentration, Long-term dietary habits can also 
significantly affect biochemical variables, À well-known 
example is the effect of saturated far intake on plasma 
LDL-cholesterol concentration, In this context, it is worth 
pointing out that reference ranges for the excretion of uri- 
nary constituents are highly dependent on habitual intake 
and are meaningless if this is not taken into consideration. 

Drugs Drugs, whether taken for therapeutic, social or 
other purposes, can have profound effects on the results 
of biochemical tests. These can be due to interactions 
occurring both in oite and in vitro, 

In vivo interactions occur more frequently, They can be 
due to direct or indirect actions on physiological processes 
or to pathological actions. There are numerous examples 
in each category. Some of the better known physiological 
interactions are indicated in Table 2.3. Others are 
discussed elsewhere in this book. 

Pathological conséquences of drug action in view can 
be idiosyncratic (unpredictable) or dose related. À meas- 
urable biochemical change may be the first indication of a 
harmful effect of a drug and biochemical tests are widely 
used to provide an early indication of possible harmful 
effects of drugs, both for those in established use (e.g. 
examination of the urine for protein in patients treated 
with penicillamine) and in drug trials. 

Drugs can also interfere with analyses in vivo (this is 
strictly an analytical factor but is mentioned here for 





Effect 


| Drugs 


Glucocorticoicdis Decrensed plasma Suppression of 
cortisol ACTH secretion | 
| Thiaride diurenics  Decreased plasma increased renal | 
| potassium potassium excretion | 
| Oestrogens Increased plus Incressed synthesis of 
total thyroxine binding proteins 
Phenyroin, increased plasma Increased enxyme 
phénobarbiione,  ‘yglutarmyitransierase synthesis (enzyme 
induction) 


alcohol 


completeness), for example by inhibituing the generation of 
a signal or by crossreacting with the analyte in question 
and giving a spuriously high signal. This field is well 
documented. but the continuing introduction of new 
drugs means that new examples of this source of error are 
continually being described. 

Other factors Exercise can cause an increase in 
plasma creatine kinase activity and may confound the di- 
agnosis of myocardial infarction in a patient who develops 
chest pain during exercise. Even uncomplicated surgery 
may cause an increase in this enzyme, as a result of muscle 
damage, and tissue damage during surgery can also cause 
transient hyperkalaemia. Major surgery and severe illness 
can elicit the ‘metabolic response to trauma” (see Chs 38 
and 40) which can lead to changes in many biochemnical 
variables. 


Intrinsic biological vananon 

As mentioned above, the levels of analvytes also show 
random variation around their homoeostatic set points. 
This variation contributes to the overall imprecision of 
measurements and must be taken into account in the 
interpretation of test results. It can be measured by col- 
lecting a series of specimens from a small group of compa- 
rable individuals over a period of time (typically several 
wecks) under conditions such that other sources of varia- 
tion are minimized. The specimens are handled identi- 
cally and stored in such a way as to prevent degradation of 
the analvte. 

The specimens are then analysed in duplicate in a 
single batch. The analytical imprecision (see below) 
can be calculated from the differences in the duplicate 
analvses and is given bv: 
| (differences) 

SD A = \ man 

2n 
where n is the number of pairs of data, The standard 
deviation of a single set of data from each individual 
is then calculated. This will encompass both analytical 
variation and the intraindividual variation (SD,), such 
that: 


SD =, SD +SD/ 

Since SD, is known, the intraindividual variation can 
then be calculated. It is also possible to calculate the 
interindividual variation (SD,,, due to the difference in the 
individual homocostatic set points for the analyte between 
each member of the group) by calculating the SD for all 
single sets of data for all subjects in the group, since this 
SD is given by: 

SD = , SD \ + SD” + SD, 
These relationships are illustrated in Figure 2.1. 

Some typical values for biological variation are given in 
Table 2.4. It should be noted that while in most instances 
the interindividual variation is greater than the intra- 
individual variation, this is not always the case. When it is 
not, it means that the extent of natural variation around 
individuals’ homoecostartic set points is more than the range 
of variation between these set points. The relative sizes of 
intra- and interindividual variation have important conse- 
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quences for the interpretation of analytical data in relation 
to reference ranges, as discussed in the next chapter. 


ANALYTICAL FACTORS 


It is clearly essential that every effort is made to reduce 
the possibility of errors arising during analysis, Staff must 
be properly trained, reagents and calibration materials 
prepared correctly, instruments maintained and calibrated 
according to the manufacturer’s instructions and a rig- 
orous programme of quality assurance implemented to 
ensure the quality of results, Tests must be performed in 
strict accordance with written protocols. 

Any calculations required to produce a result must be 
made accurately. If the quality control data are satisfac- 
tory, the result can then be matched up with the details of 
the patient to allow the generation of a report. Formerly, 
results were often reported on the request form. They are 
now more usually reported on computer-generated report 
forms. 

Test methods and procedures must be selected to allow 
adequate performance. Some of the important factors 
which impinge on performance will now be considered. 
The question of what is adequate performance will also 
be discussed. 


Analyncal range 


The test selected must be capable of measuring the 
analyte in question over the whole range of concentrations 
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that may be expected to occur. Measuring large quanuities 
of an analyte is usually easier than measuring small 
(though dilution of the sample may be necessary to bring 
the concentration within the range of acceptable perform- 
ance, 1.6, to avoid non-linearity of signal to concentra- 
tion). However, it may not always bé possible to design 
an assay which has the desirable detection limit (1e. the 
lowest level of the analyte that can be reliably distin- 
guished from zero); this has been a particular problem 
with the analysis of certain hormones, the plasma concen- 
trations Of which are in the nano- or even picomolar 
range, but is becoming less so with the introduction of 
more sensitive assay techniques. 


Accuracy 


Accuracy reflects the ability of an assay to produce a result 
that reflects the true value. Inaccuracy (the numerical dif- 
ference berween the mean of a set of replicate measure- 
ments and the true value) is synonymous with bias in this 
context. Ir is due to systematic error (cf. precision. below) 
and can be positive (the result is higher than the true 
result), negative (lower than the true result), constant 
(being the same throughout the analytical range) or pro- 
portional (having the same relative value ro the true result). 
Although minimum inaccuracy is of course desirable in 
any analysis, provided that its extent and characteristics 
are known, its predictability makes it less of a problem in 
the interpretation of laboratory data than imprecision, 


Precision 

Precision is a reflection of reproducibility. Imprecision is 
defined as the standard deviation for a series of replicate 
analyses (that is, made on the same sample, by the same 
method, under identical conditions). For many analytes, 
it is very low, giving coefficients of variation (CV, defined 
as SD x 100/mean value) of 1% or less, For others, ît is 
higher, giving CVs of as high as 5%. The median impreci- 
sion for some serum analytes as achieved by a group of 
laboratories in the United Kingdom in 1984 is shown in 
Table 2,5. 

Imprecision in analysis can never be enurely elimi- 
nated. Such analytical variation is an important factor to 
be borne in mind when interpreting the results of labora- 
tory tests, as discussed in the next chapter. 

Analyucal variation or imprecision can be measured by 
performing repeated analyses on a single sample and cal- 
culating the standard deviation of the results or by doing 
duplicate measurements on a series of samples as de- 
scribed in the section on biological variation, above. To be 
of value in interpreting results, this should ideally be done 
over a range of concentrations and particularly in the 
région of critical values (decision levels) where a small 
change in a result can lead to a significant change in 
management, 
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Specihicity and emterference 


Specificity is the ability of an assay to measure only the 
analyte it purports to measure. Most assays are highly spe- 
cific, but exceptions do occur both due ro endogenous 
substances and to drugs which can give a signal in the 
assay and cause the level to appear higher than it is. A 
detailed discussion of this topic is beyond the scope of this 
chapter, Some important examples are mentioncd else- 
where in this book and further information is available 
from the bibliography. Interference is a related but sepa- 
rate problem, in that a substance alters the signal given 
by the analvte in question but does not generate a signal 
itself, 


Practicaliries: what is desirable performance? 


In their enthusiasm to perfect analytical methods, clinical 
biochemists must be careful not to lose sight of the appli- 
cation of their work, While a result is of no value if its 
inaccuracy or imprecision render it dangerously unreli- 
able, neither is it of value if the method is practically too 
complicated or too expensive to be useful, or if it takes so 
long to perform that the need for the result has passed by 
the time it becomes available. 

What is required of a test is that it should be capable 
of providing a result which will answer the question that it 
is chosen to answer, To give a simple example, if it is 
desired to confirm that a patient with the typical clinical 
features of diabetic ketoacidosis does indeed have this 
condition, what is required is a rapid (because the 
condition 1s life-threatening) test which will confirm the 


presence of hyperglycaemia. In this context, it is of little 
relevance whether the blood glucose concentration is 30 
or 35 mmol/L. But if a glucose tolerance test is required to 
establish (or refute) à diagnosis of diabetes because the 
clinical features are equivocal, time is of little concern but 
the precision and accuracy of the result are paramount. 
Imprecision Or inaccuracy may lead to the diagnosis 
being missed or a patient being classified as diabetic and 
managed as if he had the condition when he does not. 

In practice it is rarely necessary to sacrifice accuracy 
and precision for the sake of a result's being available 
rapidly. Providing that they are used competently, many 
rapid, including near-patient, testing methods or analysers 
(see below), including ‘dry chemistry" techniques, are 
intrinsically as reliable as traditional laboratory-based pro- 
cedures. But though clinical biochemists rightly strive to 
increase the accuracy and precision of their assays, there 
must come a point where further efforts may not result in 
significant further improvements in the reliability of data 
or their value when applied to patient care, The question 
"What is desirable performance?’ needs examination in 
some detail. 

Analytical goals Numerous strategies have been 
applied to the setting of desirable standards for the per- 
formance characteristics of biochemical (and other labora- 
tory) tests or ‘analytical goals’. These have been based, for 
example, on the opinions of clinical users, of laboratory- 
based experts, on imprecision data, on arbitrary fracrions 
of che reference range, etc. The most widely accepted 
strategy for defining analytical goals is based on data on 
analytical imprecision in the assay and biological variation 
for the analyte, The goal is that the analytical imprecision 
should be less than or equal to half the intraindividual 
biological varianion. 

Expressing imprecision as coefficients of variation 
(CV), the goal is thus that CV, <(CV/2) where CV, is 
the CV for analyticaf imprecision and CV, is the CV for 
intramdividual variation. Since the overall imprecision 
is equal to the square root of the sum of the squares of 
individual imprecisions (CV, = VCV + CV), it 
follows that 1f the goal is achieved, CV,sra = 1.12 x CV. 
Thus if the goal is achieved, the random analytical im- 
precision will contribute only about 12% to the overall 
variability of the result. Because of the major contribution 
of biological variation, working to achieve even better ana- 
lytical precision (that is, lower imprecision) than the goal 
will have little effect on the overall variability of the result, 
Some examples of analytical goals are given in Table 2.6 
and the relevance of both analytical and biological varia- 
tion to the interpretation of results is discussed further in 
Chapter 3. 

This brief discussion of analytical goals has centred 
on imprecision. Accuracy may appear less important since 
most results On most patients will be compared with their 
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Quoted (ai permission) from Fraser CG. Archives of Pathology 
and Laboratury Medicine 1988; 112: 416-20. | 


own previous values or with reference ranges obtained 
using the same method. But patients may move from one 
health care setting to another and analyses may be per- 
formed by different methods in a variety of settings, so 
that accuracy, ensuring comparability of results, is vital 
too. It is also important now that diagnoses and manage- 
ment decisions may be based on consensus opinions, 
for example, the World Health Organization criteria for 
the diagnosis of diabetes or the recommendations of the 
British Hyperlipidaemia Association for the management 
of hyperlipidaemias. 


Quality assurance 


Clinical biochemistry laboratories operate extensive 
quality assurance procedures to ensure that the results 
that they produce can be relied upon to support clinical 
decision making. These include internal quality control 
schemes, for example involving replicate analysis of clini- 
cal samples and the repeated analysis of reference samples 
of identical composition, and external quality assurance 
schemes, involving the analysis of identical samples by a 
large number of laboratories. Not only the analysis itself 
but the interpretation of the result should be subjected to 
quality assurance. These procedures form one part of the 
rapidiy burgeoning field of laboratory audit (the assess- 
ment of overall performance with regard to the appro- 
priateness of the use of rests, the interpretation of their 
results, adherence to standard procedures, cost-effective- 
ness, etc.), Laboratory data should also be included in 
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medical audit, in which the effecriveness of all aspects of 
clinical care is examined. The ulrimate test of the per- 
formance of laboratory data is prosided by the clinical 
outcome when thus has been determined, in whole or im 
part, by those data. 

À guide to suggested utles concerning quality assur- 
ance is provided in the list of further reading. 


Near-panent testing 


À perceived need to provide biochemical services at the 
bedside or in the chnic or doctor’s surgery has led to the 
development of téchniques and analytical instruments 
which can be used reliably by individuals who do not nec- 
essaniiy have a rigorous laboratory training. Examples 
include hydrogen ion and blood gas analysis in intensive 
therapy units, principally as an aid to the management of 
patents on ventilators; bloud glucose measurements im 
the diabetuic clinic and, increasinglv, in patients’ homes: 
‘bilirubinometers" in neonatal intensive therapy units; 
cholesterol screening in retail pharmacies, etc. The advan- 
tagés of such testing include the rapid availability of 
results at the location where management decisions are 
made and an ability to perform the test frequentiy; both 
these facilitate rapid responses to changes in the patients 
condition. Certain sources of error may be eliminated 
{although care must be taken not to mtroduce others) and 
there may be financial savings, for example, in relation to 
the transport of specimens or of patients. 

This is not a new concept. In Victonan times, physi- 
cians would perform simple pathological tests at the 
bedside and it was the increasing complexity of the tests 
that led to the setting up of centralized laboratory facili- 
tés. Near-patient testing offers considerable advantages 
over laboraterv-based testing under some circumstances, 
as wiil be apparent from the examples ciied above, Haw- 
ever, is important that the tests and instruments 
are reliable, that only staff who have been traimed to use 
them are allowed to do 50 and that the results are subject 
to appraisal through a quality assurance scheme (prefer- 
ably supervised by a clinical biochemist) and that there 
is adéquate skilled technical and analytical back-ug 
should problems arise. This important topic is discussed 
further in some of the references cited in the list of further 
réading. 


FURTHER READING 


Fraser C G. Interpretation of clinical chemustry Kkboratory data, 
Oherd: Blackwell Scientific Publications, 1986. 
Ses commente tn further readeng for Chapter L 

Fraser € Ci. Analytical goals are applicable to all Journal of the 
International Federation of Chnical Chemustry 1990: 2: 84-06. 
A brief summuary of the concepr of analvucal gras. 

Marks VW, Essential considerations in the provison of mear-patient 


POSTANALYTICAL FACTORS 


Errors can süll arise even after an analysis has been 
performed, for example if calculations are required or if 
results have to be transierred manually either directly 
from an analyser to a report or entered into a computer 
database, Even computers are not immune to error. 

An error in the transmission of the report to the pa- 
nent's notes can also lead to an incorrect result being used 
for the management of the patient. Transcription errors 
can arise 1f results are telephoned, although it may be 
essential to do this 1f results are required urgently. Strict 
procedures should be followed when telephoning reports, 
both in the laboratory and by the person receiving the 
réport. Although time-consumung, it is advisable for the 
pérson receiving the report to read it back to the person 
télephoning, to ensure that it has been recorded correctiy. 

Once the report is recuived in the ward/chnic or by the 
requesting clinician, it must be transferred ro the patient’s 
notes. Even at thus stage (especially 1f there are patients 
with the same or similar names in the samé area), care 
must be taken: musfiled reports are at best wasted and at 
worst, I acted on as If they referred to another patient, 
posiuivels dangerous. 

Finally, the requesting clinician will take action on the 
basis of the report. In order to be able to do so, the réport 
must be interpreted cormectly in relation to the chimical 
situation and the question that prompted the request. 
This interpretation may be provided by à member of the 
laboratory staff, by the requesting clinician or be a matter 
for discussion between them. 

The interpretanien of laboratory data is discussed in 
detail in thé next chapter. 


CONCLUSION 


It is a simple matter to Gil out a request form for a bio- 
chenmncal rest but before doing so it is essential to consider 
why the test is being done and what the results will be 
used for, Many factors can affect the results of laboratory 
tests, apart from the pathological process that is (usually) 
being investigated. Some of these are obvious, others less 
so, All need to be minimized by careful patient prepara- 
tion, sample collection and handling, analytical proce- 
dures and data processing if the results are 10 be reliable 
and fit for whatever purpose they are 10 be used. 
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[NTRODUCTION 


Biochemncal data obtained for the management of pa- 
tients are of no value in isolation, The data must be 
considered in relation to the reason for the request and 
against the background of an understanding of the rel- 
evant normal physiological and biochemical méchanisms 
and the way in which these respond to disease. Thus inter- 
pretative process forms an important part of the work of 
the clinical biochemist. Data interpretation can be à 
straightforward matter. In a patient with the typical chni- 
cal features of diabetes mellitus, the finding of a blood 
glucose concentration of 25 mmol/L clearly confirms the 
clinical diagnosis. 

But the situation is often less clear cut, Typical ques- 
tions requiring more detailed analysis include the inter- 
pretation of borderline data; of results which are not 
consistent with the clinical findings; of apparently contra- 
dictory data, and of changes in biochemical variables 
during dynamic function tests. 

This chapter discusses some of the more important fac- 
tors which impinge on the interpretation of biochemical 
data. 


THE QUALITY OF RESULTS 


It is clearly essential that biochemical data are reliable, As 
has been discussed in the preceding chapter, they must be 
both accurate and precise. High precision and accuracy 
must obtain over the whole range of concentrations that 
are hikely to be encountered, but particularly over the 
range(s) critical to decision making. Analytical methods 
must also be specific (méasunng only the analyte in ques- 
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tion) and appropriately sensitive (able to detect the lowest 
concentrations required for the test to be useful). It 
should be noted that here the terms ‘sensitivity and 
‘epecificity" are being used to describe charactenstics of 
the analytical method. As will be seen, these terms have 
different meanings in the context of the interpretation of 
test results. 


NORMAL AND ABNORMAL 


In interpreting the result of a biochemical test, one of two 
questions is likely to be posed: ‘Ts the result normal? or, if 
the rest has been performed before, ‘Ts there a significant 
change? 

When a test 15 performed for the first time on an indi- 
vidual, the result must be assessed against what is ex- 
pected. Usually it is assessed specifically against wbat is 
expected in a healthy imdimidual, although it might be 
more relevant to assess it against what 1s expected in a 
comparablé patient suffering from the same condition, 
The range of values expected in healthy individuals has 
been often been termed the ‘normal range’ but for various 
reasons, the term ‘reference range’ is now preferred. 


The meaning of normal 


Normal ranges have traditionally been defined on the 
basis of measurements of the analyte in question in a suffi- 
ciently large sample of individuals from an appropriate 
healthy population. For data having à Gaussian distribu- 
tion, the normal range is defined as the range of values 
ing between the limits specified by two standard devia- 
ons below dhe mean and two standard deviations above 
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(Fig. 3.1), This range encompasses 95% of the values 
found in the sample. The implicauion is that the great 
maority of healthy people will have a value for the analyte 
within this normal range. 

‘Normal is a term used in statisucs to describe a 
Gaussian distribution; although the term ‘normal range’ is 
statisticaily valid when the distribution is Gaussian, many 
analvtes frequently measured in the laboratory have a 
skewed distribution — most frequently with a tail towards 
higher values. Examples include plasma alkaline phos- 
phatase activity and bilirubin concentration. If the charac- 
teristics of the distribution in a healthy population can be 
defined, it may be possible to apply a mathematical trans- 
formation (fot example, taking logarithms) to reduce the 
data to à Gaussian distribution, but such transformations 
may only be approximations to the ideal. For a discussion 
of tests which can be applied to data to assess whether 
they conform 10 a Gaussian distribution, and which can 
be used to assess the validity of a transformation, the 
reader is referred to texts indicated in the further reading 
hst at the end of thus chapter. 

À further drawback to the use of the term ‘normal 
range’ is that che word ‘normal’ has several different 
meanings in addition to that discussed above. Given that 
the normal range, as defined above, encompasses only 
95% of values characteristic of the chosen sample, 5%0 will 
have values outside that range and mught thus be consid- 
ered ‘abnormal”. This is clearly absurd in relation to the 
more colloguial meanings of the word. Thus ‘normal’ can 
mean commonly encountered, usual, acceptable and, mn 
relation to the ‘normal range”, is often taken as implving 
absence of disease or risk of disease. 

The fallacy implicit in this last assumption is best 
demonstrated by a considération of plasma cholesterol 
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Fig, 3.1 The normal (Gaussian) distrbuton. The normal range 
encompasses values falling berween two standard deviations above and 
below the mean and meéludes approcimeatels 95% of all the values. 


concentrations. For years, laboratories reported plasma 
cholestérol in relation to a normal range of the order of 
356.7 mmol/L. This is the range that encompasses 95% 
of values found in samples of healthy aduit males in the 
Uruted Kingdom. But it is now established beyond all 
doubt that there is a continuum of increasing risk of 
coronary heart discase associated with increasing plasma 
cholesterol concentration, which extends below even the 
value of 5.2 mmol/L, which is now widely regarded as 
being ideal (Fig, 3.2). In this context, then, the term ‘nor- 
mal range’ is potentially misleading, as individuals with 
results within the range (indeed, approximately one third 
of adult males in the United Kingdom) will have results 
which are associated with an excess risk of heart disease. 

Even in established disease, results on patients may fall 
within the ‘normal range’. For many analystes, there is an 
overlap berween the levels usually encountered in health 
and those encountered in disease (particularly 1f the 
disturbance is mild). Thus it should not be assumed that 
all patients with values for a particular analvte within the 
normal range are free of the relevant disease, just as it has 
béen indicated that (by definition} not all the indivi- 
duals with results falling outside the range are necessanly 
abnormal in any other way. 


Reference values 


Such considerations led to the development, in the late 
19605, of the concept of reference values. The word ‘ref- 
erence” is free of the ambiguities associated with “normal”. 
A reference value is defined as the value for an analyte 
obtained by measurement in an individual (reference 
individual precisely selected using defined criteria, e.g. 
sex, age, state of health or other relevant characteristics. 
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Fig. 3.2 The distribution of serum cholesterol concentration m 
healthy subnects and risk of coronary heart diseise, Approximately vne 
thurd of the values exceed the recommended highest acceptable 
concentration (5.2 mmol'L} and are associated with sendicanty 
increased nsk. Note that the distribution 1s non-Craussian, heing 
skewcd to the night. 


The qualities required of a reference individual are only 
those specified; the term should not immply the possession 
of any quality (e.g. ‘healthiness”) which has not been 
specified. If measurements are made on a representative 
sample (reference sample) from a population of reference 
individuals (reference population} a distribution of values 
(a reference distribution) is obtained. 

Reference limits can then be set and the range between 
these is defined as à reference interval. Typically, refer- 
ence limits are set so that the interval encompasses values 
found in 95%% of the reference sample and this interval 
may then be numericailÿ the same as the statistically 
defined normal range. However, although this may at first 
sight appear to be a matter of semantics, the term ‘refer- 
ence interval” is free of the imprecision imherent in the use 
of the term ‘normal range’ and is to be preferred. Refer- 
ence intervals are often colloquially termed ‘reference 
ranges’ but strictly spcaking this is incorrect usage, since 
the true reference range encompasses the whole range of 
values derived from the reference populauon. However, 
although purists may decry it, the term ‘reference range’ is 
used in this book in accordance with common practice as 
a more familiar synonym for the term ‘reference interval”, 

Reference values can be obtained by carrving out 
measurements on a Carefully selected and precisely de- 
fined reference sample, If the distribution of values is 
Graussian, the reference limits are the mean minus two 
standard deviations and the mean plus two standard de- 
vianons. When the distribution is non-Graussian, the range 
can be calculated by ranking the values and deleting the 
lowest and highest 2,5%. Such a procedure has the 
considerable advantage that it requires no assumptions to 
be made about the characteristics of the distibution and 
does not require any transformation of the data to be 
made. 

When, as it usually is, the reference interval is derived 
from a sample of healthy individuals not known to be 
at increased nsk of disease, the term effectively means 
‘values characteristically found in s group of healthy indi- 
viduals and thus likely to encompass values found in 
other, comparable (with regard to age, sex, etc.) healthy 
individuals’, Note, however, that health is not essential to 
the defininon. Reference values could as well be esrab- 
hshed for an analyte in disease as in heaîth, although in 
practice this has not often been done. 

The necessity to mimimuze insppropriaté sources of 
variation is implicit in the foregoing discussion: the reader 
is referred to the previous chapter for a discussion of non- 
disease-related factors whuch Can influence biochemical 
variables, The same analytical methods, protocols and 
standards must be employed to provide ali the data used 
to establish reference limits. Strictly speaking, compari- 
sons between observed values, e.g. in patients, and refer- 
ence ranges are only valid if the same method has been 
used to obtain the observed anci the reference data. Even 
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in the most skilled hands, analysis of the same sample by 
different methods can produce differing results. Although 
for many analytes these différences may be insignificant, 
for others, particularly enzymes and hormones, they may 
not. 

Many strategies have been suggested for expressing 
observed values for biochemical variables in relation to 
the reference range: for example, the observed value can 
be expressed as a percentage of the mean of the reference 
interval or of the upper reference limit to give a ‘centi- 
normalized unit’. Most such suggestions have not been 
adopted into clinical practice. For enzyme measurements, 
however, where the values obtained can be highly 
method-dependent and can, in disease, be orders of mag- 
nitude higher than reference values, 1 is sometimes help- 
ful to express results as mulnples of the upper reference 
limit, 


Problems anth reference intervals 


Reference intervals still have disadvantages, However 
derived, they encompass the values from only 95% of 
the reference population. Thus 5% of reference imdi- 
viduals will have values outside the reference limits. If 
two analytes which vary independently are measured, the 
probabilty of one of them being outside its reference 
limits is (1-0.05*), that is 0.10. Ten per cent of reference 
individuals would be expected to have one of the meas- 
ured values outside the reference limits. For n analytes 
(again with the proviso that they are independent) the 
probability is (1-0.95°) so that if 20 analytes were to be 
measured in an individual, there would be a 64% chance 
of one result being outside the reference limits. In prac- 
tice, many tests are dependent one on another (e.g, total 
protein and albumun) so that this chance 1s reduced, but 
the calculation serves to emphasize that by no means all 
observed results outwith the reference limuts ill be asso- 
ciated with disease. On the other hand, common sense 
dictates that, providing an error has not occurred, the 
further away from the reference hmit an observed result 
is, the more likely it 18 to represent a pathological change. 


THE INTERPRETATION OF RESULTS 


Comparison of observed results with reference 
lirnits 

The importance of comparing observed results with ap- 
propriate (e.g. age- and sex-specific) reference intervals 
has already been emphasized. Every effort must also have 
been made to minimize extrinsic sources of biological 
variation which might affect the result. It is also necessary 
to bear in mind the possible contribution of analytical and 
intrinsic biological variation, as discussed in Chapter 2, 
before attributing a difference between observed and 
réference values to a pathological process, 
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With regard to analytical variation, the greater the 
imprecision of the assay, the less significance should be 
ascribed 16 a results being outside a reference limit, For 
example, if the imprecision of plasma sodium measure- 
ment is 1 mmoL., chis in effect means that there is à 
95% probability that an observed value of, for example, 
146 mmol'L represents a true value that lies herween 
144 mmol/L. (just below the usual upper reference limit 
of 145 mmolL) and 148 mmol/L. 

Ineninsic biological variation is also important. The 
concepts of intra- and interindividual variation have been 
discussed in the previous chapter. If che imtraindividuai 
variation 15 équal to or greater than the imterindividual 
variation, most results which are abnormal for an indi- 
vidual (that 15, which Le outside the range of His own 
intraindividual variation) will also be outside the reference 
interval for the population. This ts truc, for example, for 
sodium, potassrum and urea {see Table 2.4) although for 
few other common analvtes and is illustrated for sodium 
in Figure 3,3(A), 

However, if the imtenndividual variation is the grearer, 
results which are clearky outside the range of intrinsic 
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variation for the individual may be within the population- 
based reference interval. The plasma concentrations of 
many simple analytes, as well as those of many hormones 
and the plasma activities of many enzymes, fall inte this 
category. Figure 3.3(B) shows data on alkaline phos- 
phatase which illustrate this point, The implications for 
the interpretation of observed data on patients are con- 
siderable. Te take an example, measurement of plasma 
creatinine is widely used as a test of renal function; the 
reference interval for creatinine is of the order of 60- 
110 umol/L. Values of 80 and 100 mol/L are both well 
within this interval and so might be observed in two 
heaithy individuals comparable with the reference popula- 
üon. But the intraindividual biological variation is of the 
order of 4.6umol/l, so that in a single individual, an 
increase in plasma creatinine concentration from 80 to 
100 umol/L, would be highly suggestive of à decrease in 
renal function. 

When there is overlap, or even a continuum, of values 
of an analvyte in health and disease it may be necessary 10 
impose a cut-off value to determine the further action to 
be taken. This is particularly true of screening tests, when 
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(A) Subiect means (solid circles), ranges and group-based 95% relerence mrervals (broken lines) for serum sodium concentration. 


Nearly half of the subiect ranges extend bevond the reference hrnits. (8) Subiect means (solid cæcles), ranges and group-based 95% reference 
intervals (broken lines) for serum alkaline phosphatasc activity. Almost ali the subiecr ranges lie entirely wathin the reference limits, Reproduced 
with peraussion from: Pickup ] F, Harris E K, Kesens M, Brown S S. Iotramdividual variation of some serum constituents and its relevance 10 


ropulation-based reference ranges. Clinical Chemistry 1977: 2%: 842-530 


there may be no other information to take into account in 
deciding the sigmificance of a result. The consideranions 
on which the selection of such a cut-off value depends are 
discussed further later in this chapter, 

In summary, it is important to appreciate that the infor- 
mation that can be provided by a single biochemical 
measurement is limited. In general, the results of comple- 
mentary Or serial measurements are of much greater 
value, 


Comparison of results with previous values 


The problem posed in the interpretation of a test result 
when the test has been performed before is a different 
one. The relevant questions are “Has there been a change 
and if 50, is it a significant one?”. 

When two test results are compared, interindividual 
variation does not have to be taken into account, but other 
sources of variation have still to be considered: analytical 
variation, extrinsic biological variation (related to time, 
posture, stress, etc.), intrinsic biological variation and the 
effect of pathological changes. For a meaningful compari- 
son to be made, it 1s important that the tests be made 
under the same circumstances in order to minimize ex- 
trinsic biological variation (or that, if this is impossible, 
the contribution of any alteration in circumstances to the 
result be estimated). In order to minimize the influence of 
analytical variation, the analyses must have been carried 
out using the same, or at least a comparable, technique. 

In order to assess the relevance of any change to a 
pathological process, it is necessary to have a quantitative 
indication of the possible contribution of analytical and 
intrinsic biological vanation to the observed change. The 
probability that a difference between two results is signifi- 
cant at the 95% level (that is, that such a difference would 
only be expected to occur by chance alone on fewer than 
one in 20 occasions) requires that the difference is 2.8 
times the variation (one standard deviation) of the test. 
Because of the contribution of both analytical and biologi- 
cal variation, the standard deviation of the test is given by: 

SD = V{SD”, + SD 3) 

where SD, is the analytical variation and SD, the biologi- 
cal variation. One set of estimates of the value of 2.8 x 
SD, also known as the critical difference, for some fre- 
quently measured analytes is given in Table 3,1, These 
values appear to differ little in health and disease and are 
valuable guides to clinical decision making. Two caveats 
are important, The values quoted are mean values; 
individuals may show greater or lesser intrinsic biological 
variation. Also, analytical performance (and hence ana- 
lytical variation) varies considerably between laboratories. 
Ideally, laboratories should calculate their own values for 
critical differences, although in practice this is frequently 
not done. 
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| Quoted (with permistion) from Friser C G. Interpretation of Clinical | 
| Laboratory Data, Oxford: Blackwell Scientific Publications, 1986. 





It should be emphasized that just because a change 
in the level of a biochemical variable exceeds the critical 
difference, it does not necessarily follow that it is clinically 
significant. That will depend on the precise clinical cir- 
cumstances and needs to be assessed in relation to what- 
ever clinical and other data are available, The significance 
of a change may only be determined retrospectively, when 
the final outcome is known. Cnitical values for difference 
used by clinicians are often empirical and not based on 
any formal assessment, This does not invalidate their 
use; indeed, they have often been validated by long experi- 
ence. But faboratories may be able to provide guidance 
in this area to recently qualified clinicians and for newly 
introduced tests. 


THE PREDICTIVE VALUE OF TESTS 
Introduction 


It will have become clear that the interpretation of 
biochemical data is bedevilled by the inevitable presence 
of analytical and intrinsic biological variation. And even 
though the reference value concept makes no assumptions 
about ‘health’ as opposed to ‘disease’, it is still frequently 
assumed that a result within reference limits indicates 
freedom from disease or risk thereof, while a result outside 
reference limits at least requires that the patient be further 
investigated. What is lacking is any numerical indication 
of the probabihty that a particular result indicates the 
presence or absence of disease. 

The predictive value concept, introduced into clinical 
biochemistry in the mid 1970s by Galen and Gambino, 
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represents an atiempt to address these shortcomings. 
Essential to the concept of predictive values is that disease 
or freedom from that disease can be defined absolutely, 
ie. that there is a test which can be regarded as the ‘gold 
standard’. For some conditions, this will be histological 
examination of tissue obrained at surgery or post mortem, 
but it may be the eventual clinical outcome or some other 
more or less well defined endpoint. Ir is against the ‘gold 
standard” that biochemical tests may be judged. 


Defininons 


IF all the members of a population consisting of peopie 
with and without a particular disease are subjected to a 
particular test, it will be divided into four categories: 


® truc positives (TP) — individuals with disease, who test 
positive; 

® false positives (FP) — individuals free of disease, who 
test positive; 

® true negatives (TN) — individuals free of disease, who 
test négative; and 

® false negatives (FN) — individuals with disease, who 
test negative. 

Clearly the number of individuals with disease equals 

(TP + FN) and the number without (TN + FP). The total 

number of positive tests is (TP + FP) and of negative (TN 

+ FN). 

These data can conveniently be arranged in a matrix 
(Fig. 3.4). It is then easy to derive the other important 
parameters relating to test performance, that is, pre- 
valence, sensitivity, specificity, predictive value and 
cfhciency. 

The prevalence of a disease is the number of indi- 
viduals with the disease expressed ys a fraction of the 
populauon. Thus: 

Prevalence = TP + EN/(TP + EN + TN + FP) 
It is often expressed as a percentage. Note that this is 
not the same as the incidence of a disease, which is the 
number of persons who develop the disease during a 
stated period of time, 





Fig. 3.4 À matrix for chassifving test results: TP = true positive, 
TN = true negative, FP = false positive and FN = false negative. 


The sensitivity of a diagnostic test is defined in this 
context as the number of true positives in all individuals 
with disease. Thus: 


Sensitivity = TP/(TP + FN) 


The specificity of à diagnostic test is defined as the 
number of true negatives in all individuals without 
disease, Thus: 


Specificity = TN/(TN + FP) 


The predictive value of a test is a measure of its ability 
to allocate individuals correctly to either the disease or 
non-disease category. Ît is given by the fraction of test 
results that are true results, Thus the predictive value of 
a positive test is given by: 


PV(+) = TP/(TP + FP) 
and the predictive value of a negative test by: 
PVE} = TN/(EN + FN) 


The efficiency of a test is a measure of its ability correctly 
to assign people to both the disease and the non-disease 
category. Thus: 


Efficiency: (TN + TF)/(TP + TF + FP + FN) 


These values are usually expressed as a percentage by 
multiplyving by 100, 

It will be seen that while, for example, both sensitivity 
and the predictive value for a positive result are measures 
of positivity, with sensitivity, positivity is being related to 
the number af individuals with the condition wheress pre- 
dictive value is related to the number of positive tests. Even 
if a test is very sensitive {the false negative rate is low), the 
predictive value of a positive test may not be as high as 
might be expected because it is decreased by false positive 
results. 

The predictive value model examines the performance 
of a test in defined circumstances. Clearly, it depends 
upon being able to determine the numbers of true and 
false positive and negative results, which depends upon 
there being an independent, definitive diagnostic test. The 
importance of the independence of the test under investi- 
gation from the definitive test may appear self-evident but 
in practice, it is frequently overlooked. 


Example 

These concepts, and some of the pitfalls inherent in their 
use, can be illustrated with reference to a hypothetical 
example. Suppose that it is desired to assess the value of 
the measurements of serum y-glutamyltransferase activity 
to diagnose alcohol abuse in patients attending a drug de- 
pendency clinic. It is decided that the test will be regarded 
as positive if the y-glutamylitransferase activity exceeds the 
upper reference limit. 


Over the course of a vear, 200 patients are tested; 
enzyme activity is found to exceed the chosen limit in 73, 
but only 62 are judged to be abusing alcohol on the basis 
of a rigorous questionnaire. In 18 individuals judged ro be 
abusing alcohol, enzyme activity is not elevared. 

The results matrix can thus be completed: 


Test result | 
_| Negative 


| TN=109 | FP+TN = 120 | 


TP + FP + 
TN + FN = 200 | 


Positive 


Disease 
status Negative | 


Calculation then shows thar: 


Prevalence = (62 + 18)/200 = 0.40 = 40% 
Sensitivity = 62/(62 + 18) = 0.775 = 78% 
Specificity = 109/(109 + 11) = 0.908 = 91% 
PV (+) = 62/(62 + 11) = 0.849 = 55% 
PV (-) = 109/(109 + 18) = 0.858 = 86% 
Efficiency = (62 + 109)/200 = 0.855 = 86% 


Thus the test correctly identifies 78% of alcohol abusers; 
further, if a patient has an clevated enzyme activity, there 
is an 85% chance that he is abusing alcohol. However, it 
might be considered that a significant number of patients 
are misclassified and that better performance might be 
achieved if the cut-off value for a positive test was set at a 
higher enzyme activity, say twice the upper reference 
limit. 
The results matrix would then appear as follows: 


TP + FN = 80 


| FP + TN = 120 


TP + FP + | 
| TN + FN = 200 | 





from which: 


Prevalence = (50 + 30)/200 = 0.40 = 40% 
Sensitivity = 50/(50 + 30) = 0.625 = 63% 
Specificity = 118/(118 +2) = 0.983 = 98% 
PV (+) = 50/(50 + 2) = 0.961 = 96% 
PV (-) = 118 (118 + 30) = 0.797 = 80% 
Efficiency = (50 + 118)/200 = 0.84 = 84% 


The effect has been to decrease the sensitivity of the 
test, whuch now only correctliy diagnoses 63% of alcohol 
abusers. On the other hand, if a patient tests positive, the 
probability that he is an alcohol abuser is now 96%. The 
overall efficiency of the test is little changed. 
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This example illustrates two important points about the 
predictive value model, The first is that sensitivity and 
specificity tend to vary inversely; second, appropriate 
selection of the criterion for positivity or negativity (here 
the level of enzyme activity) allows either one to be maxi- 
mized. If the cut-off is set very high, positive results will 
only occur in individuals with disease; there will be no 
false positives and specificity will be 100% although sensi- 
aivity will be low. On the other hand, if the cut-off is set 
low, no cases will be missed but the false positive rate will 
be high; sensiuivity will be 100% but specificity will be 
low, This is illustrated in Figure 3.5. 

W'hether it is desirable to maximize sensitivity, speci- 
ficity or efficiency depends on the nature of the condition 
being investigated, as discussed below. 


Prevalence and predictive value 


While sensitivity and specificity are dependent on the 
characteristics of the test and the nature of the condition 








Fig.3.5 The effect of moving the cut-0f point that determines 
positivity/negauvity of a test result. Hypothetical distnbutions for the 
concentrations of an analyte with and without disense are shown. 
Because these overlap, if the cut-off is selected to decrease the number 
of false positive results (and hence increase specificity) (panel A), there 
are à sigmificant number of false negative results (decreasing the 
sensitivity). If the cut-of is set lower (panel B}, false negatives are 
eliminated (maximizing sensitivity) but at the expense of increasing the 
number of false positives (and decreasing specificity). The distribution 
for individuals with disease has been shown below the axis for clanity. 
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being investigated, predictive values are dependent on the 
prévalence of the condinon in the population under 
examination Consider the application of the measure- 
ment of y-glutamyltransierase activity In a population in 
which alcohol abuse might be expected to have a lower 
prevalence and in which there is not likely to be an in- 
crease in the number of individuals with other conditions 
associated with an increase in enzyme activity. The test 
might reasonably be applied, for example, to screening for 
alcohol abuse during pregnancy. If 500 women were 
screened and the cCut-off taken as the upper limit of the 
reference range, then the results matrix might show: 














Test result Totals 


Pogitive Negaties | 





Pisilree 


Disesse | 
status Negaiire | 
Totals 


from which: 


Prevalence = (24 + 7500 = 0.062 = 6% 
Sensiavity = 24/24 + 7) = 0,774 = 77% 
Specificiry = 426/(426 + 43) = 0.008 = 91% 
PV Le: = 24(24 + 43) = 0.358 = 36% 
PV (-; = 426/(426 + 7} = 0.983 = 98% 
Effaëency = (426 + 24/3500 = 0.90 = 90% 


The sensinvity and specificity are unchanged but because 
of the much lower prevalence of alcohol abuse in thus 
group. the prédictive value of a positive test is low: only 
360% of those with à pogtive test are alcohol abusers. At 
the same time, the predictive value of a négative test is 
higher than in the patents artending the drug abuse chimic:; 
this is again à consequence of the knwer prevalence in the 
pregnant women. Îtis instructive 10 note that the efficiency 
of the test appears greater in this context (90% in com- 
parison to 84%% in the drug abuse patients), Overall the 
proportion of tests which correctly assign patients to the 
alcohol abuse or non-ahuse categories is higher, although 
its performance in diagnosing abuse alone is less good. 
The effect of disease prevalence on predicnive values is 
an important one, It means that the performance of a test 
in one group of patients cannot be translated to a different 
group. Although the predictive value of a new test may 
appear high in the tymical experimental setting where 
equal numbers with and without disease are tested (the 
prevalence is 50%} it is likely to be much lower ‘in the 
field”. Thus the performance of a new test must bé ana- 
lysed im groups of individuals comparable to those in 
whom it is to be used in practice. In the past, many exag- 





gerated claims for tests have bcen made on the basis of 
their performance in a highly sélectéd group. 

In this example, sensitivity and specihicity werc as- 
sumed to be the same in the two groups examuned, This 
was an assumptüion made for convemience, but it does not 
have to be the case and indeed may well not bé. In choos- 
ing people in whom to examine the periormance af a new 
test, it is natural to do this in healthy individuals and pa- 
uents with weil established disease, Under such circum- 
stances, the proportion of false positive and false negative 
results are likely 10 be lower than when the test is applied 
to a more heterogeneous sample. This again emphasizes 
the need to compare like with like and not to make 
unwarranted eéxtrapolations from experimental data col 
lected under carefully defined or controlled circumstances 
to practical applications. 


Practical applications of the predictive value model 


High sensitiviry in a diagnostic uest is required when a test 
is béing used 10 diagnose a serious and treatable condi- 
non. The false negative rate (missed diagnoses} must be 
as low as possible, even though this inevitably means that 
false positives will occur. Individuais testing positive will 
be subiected to further, definitive tests and provided that 
these occasion no harm to those who test positive and 
turn out not to have the condition, this 15 an acceptable 
price to pay for making the diagnosis in all those who have 
the condition. The programmes for neonatal screening 
for phenyliketonuria and other harmful cenditions in the 
newborn exemplify tests requiring maximum sensitivity. 
In this context, it is instructive 10 note that although the 
sensitivity 6f the screening test for phenvyliketonuna is 
160%, and the specificity approaches this value, because 
the condition has such a low prevalence (approximately 
one in 10 000), the predictive value of a positive test 1s 
only of the order of 10%. 

High specifioy (no false positives) is desirable in a test 
to diagnose a condition which is severe but untreatable, 
when knowledge of its absence is potentially beneficial. 
Multiple sclerosis is frequently cited as the classic example 
of such a condition. High specificity is also required when 
it 18 desired to select patients with a condition for a trial 
of some new form of treatment. If individuals without 
the condinion are included in the treatment group, the 
results of the trial (assuming that thé treatment is in some 
measure effective and does no harm 10 those without the 
disease) may give a false view of its efficacy. 

As alluded 10 above, diagnoses are rarely madéë on the 
basis of single tests. Ideally, a single test or combimation of 
a small number of tests should be used to identify indi- 
viduals in whom the probability of a condition is signifi- 
cantly higher (the prevalence is higher) who can then be 
further investigated. The initial tests can be simple, cheap 


and unbkels to do harm, but the further tests may be 
more claboratés, expensive and possibly associated with 
some risk. The predictive value model can be applied ta 
muluple testing and the interested reader 1s referred 10 
Galen and Gambino's seminal text for further discussion 
of this topic. In essence, 1f the performance of individual 
tests 18 known and the obiccrives of testing can be pre- 
cisely defined, the predictive value model can be used to 
determine the appropriate sequence or combination of 
tests to achicve the desired objective. 


Receiver operating characteristic (ROC) curves 


Another use of the predictive value model is to compare 
the performance of two tests, This can be done by deter- 
mining sensitivity and specificity for each test using a 
range of cut-off limits to define positivity and plotting one 
rate against the other, The resulting curves are known as 
receiver operating characteristic curves, a term which was 
coined during the early use of radar. The reader is warned 
that four variants of ROC curves may be encountered, 
according to the way the data are projected on the axes, 
but this does not affect their interpretation. Figure 3.6 
shows hypothenical ROCSs for two tests, À and B, each 
applied to the same group of mdividuals to make the same 
diagnosis. 

It is clear that test À @gves the better discrimination, 
since for any level of sensitivity, its specificity is superior, 
This may be useful information but these are by no means 
the only factors that may need to be taken into account. 
The economics and practicalities of the tests will also be 
Of relevance to which one is chosen. 

The interpretation of the ROC curves in Figure 3.6 15 
straightiorward. In practice the curves for two tests may 
cross; the relative performance must then include assess- 
ment of the areas under the curves, The greater the area, 
the greater the efficiency. 


Summary 


The predictive value model can thus be used to determine 
the true sigmificance of a positive or negative result and t6 
select the appropriate cut-off value that determines 
whether a result is positive or negative, according to the 
chmical requirements. However, it dues not give any mdi- 
cation of the degree of abnormalty of a result. The model 
can also be used to define a logical sequence or combina- 
tion Of tests and to compare the performance of tests 
designed to achieve the same object. But it must be appre- 
ciated that its use depends on being able to distinguish 
between the presence and absence of disease using an in- 
dépendent technique, which may not always be possible, 
particularly since the distincuon Between discase and non- 
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a) spi: 100% 
Speciiciy 
File. 3.6 Receiver operating characteristic curves for two tests being 
assessed for the diagnosis of the same condinon in the same patents. 
Test À gives berter specificity at any level of sensitvity. 


disease may not be clear cut, Also, ir is only valid to apply 
its conclusions in circumstances similar to those in which 
the data leading vo those conclusions were gathered. 


THE USE OF COMPUTERS IN THE 
INTERPRETATION OF BIGCHEMICAL DATA 


Computers have long been used for data capture, process- 
ing and storage in clinical biochemustry. Théy are now 
increasingly being used in the interpretation of such data. 
They can be used to perform simple logisuic procedures 
such as decision analvsis but also, in expert systems and 
neural nerworks, they are being used to analyse data 50 
that they can directly inform pauent management and re- 
spond interactively to changes as they occur. This topic 15 
beyond the scope of this book, but some useful references 
are included in the further reading hist for the interested 
reader. 


CONCLUSION 

The interpretation of biochemical data requires adequate 
knowledge of all the factors which can affect the test 
result. These include the physiological, tiochemucal and 
pathological principles on which the test is based as well 
as the rellakulity of the analysis. Ît is also necessary 10 
understand the statistical principles which relate to the 
distribution of data in healthy individuals and those with 
disease and how the test performs in the specific circum- 
stances in which it is used. Such knowledge is also essen- 
tal for the appropriate selection of laboratory tests, 
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Sodium, water and 


potassium 


Michael Penney 


PHYSIOLOGY 
Introduction 


The fluid spaces of the adult male human body constitute 
approximately 60% of the total body weight. The physio- 
logical control over the composition and distribution of 
these fluid spaces is a highly sensitive and complex homo- 
costatic process necessary 10 maintain a constant Heu 
interieur, Two main fluid spaces exist - the intracellular 
fluid (ICF) and the extracellular (ECF) — the latter further 
separated into the intravascular space (plasma volume), 
the interstitial space (which includes lymph) and trans- 
cellular fluid such as pleural, pericardial, peritoneal, 
cerebrospinal and gastrointestinal fluids, Table 4.1 sum- 
marizes the water content of the body and the distribution 
of fluid berween the main body spaces: the proportion of 
body water to total body weight decreases with age and 
is also further reduced as the proportion of body fat 

The electrolyte composition of the ECF and the ICF is 
different — in essence the extracellular space is a predomi- 
nantly sodium-containing solution and the intracellular 


space is a potassium-containing solution (Table 4,2). This 
fundamental difference in electrolyte composition is 
maintained by cell membrane sodium pumps (Na', 

*.ATPase), Body water moves between the main body 
spaces predominantiy under the influence of osmotic 
pressure resultant from dissolved particles in the ECF and 
ICF either side of the cell membrane. Under physiological 
conditions the osmotic pressure of the ICF equates with 
the plasma osmotic pressure, Osmolality represents the 
molal concentration of solute within a litre of solvent 
(water) and is expressed as mmol/kg, as opposed to a 
molar (or calculated osmolar) solution, which is the 
concentration within the space of a litre of solution (which 
includes solute space) and is expressed as mmoV/L. The 
apparent nicety in definition does have its uses in differen- 
tiating certain real from apparent electrolyte disorders (see 
p. 43). 

The measurement of osmolality in ECF, however, 
cannot always be equated with transcellular osmotic 
pressure. The cell membrane is selectively permeable to a 
variety of solutes and certain natural solutes such as urea, 
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or exogenous solutes such as alcohol, are freely perme- 
able. Thus an increase in plasma osmolahity due to so- 
drum implies an increase in osmotic pressure across the 
cell membrane, tending to withdraw water from the cell 
to equate osmolalities. However an increase in plasma 
osmolality due ro urea does not have this effect because 
of the free permeabihity of urea within the ICF and ECF. 
“This leads vo the concent of effectue osmolahry or tomicity, 
which under physiological conditions 1s primarily de- 
pendent on plasma sodium concentration, but under 
pathologcal condinons may be dependent on other 
solutes, €é.g. thé effect of glucose on somatic cells in 
untreated imsulin-dependent diabetes mellitus. 

Oncotic pressure (colloid osmotic pressure) 1s the 
osmotic pressure resulting from the difference within the 
ECF of the protein content of plasma and intersutial fluid. 
he major contnbution to oncotié pressure under physio- 
logical condinons is plasma albumin Concentration and 
the difference anses as hydrostatic pressure causes ultra- 
filtration of the plasma across the capillary membrane: 
the combination of the oncotic and hydrostatic pressure 
gradients is sometimes described as the Starling forces. 

Because warer 18 freely permeable across all except 
some highiy specializsed cell membranes and because the 
total solute content of cells under physiological conditions 
is essentiallv fixed, the volume of the ICEF is determined 
by the body warer content. ICF tonicity will in curn 
determine ECF tonmicitv, but ECF volume is essentially 
dependent on its sodium content. 


ECEF and sodium 


The sodium content of a normal adult is 55-65 mmol/kg 
body weight, The concentration of sodium in plasma 15 
approximately 140 mmolL (+152 mmol/kg). Plasma 
water moves freely into the interstitium but the movement 
Of protein is restricted. Sodium concentration in the inter- 
stitial fluid water approximates to plasma molar concen- 
tration as à result of the effect of the Gibbs-Donnan 
cquilibrium 10e reduce the concentration of permeable 
cations. 

Under physiological conditions the control of the ECF 
volume is through the control of functioning or effectue 
plasma volume {that part of the plasma volume actively 
perfusing issues). There are à variety of afferent mecha- 
nisims to monitor effective plasma volume (and thus ECF 
volume}, which imclude intrathoracic volume receptors 
such as atrial stretch receptors, hepatic volume receptors, 
arterial baroreceptors, intrarenal baroreceptors and possi- 
bly tissue receptors monitoring ussue perfusion. Whatever 
the actual or relative function of all these sensory systems, 
their major function is to influence the renal conservanion 
of sodium and the appeute for oral sodium imtake. 

Sodium intake varies considerably berween different 
human culrural and ethnic groups. Variations in intake 


between 5 mmol/24 h and 500 mmol/24 h have been re- 
corded and physiological mecharisms balance renal 
excretion of sodium, Sodium delivery to the renal tubules 
is à function of plasma sodium concentration and the 
glomerular filtration rate (GFR). Every 24 hours the kid- 
néys of an average healthy adult male will filtér in excess 
of 24 000 mmol of sodium, most of which is reabsorbed 
in the trubules so that, in health, sodium balance is 
achieved, Thus urine sodium concentrations can vary 
from < 1 mmol/L to approximately 306 mmol/L. 


KRenal control of sodium output 


Intrinsic renal control of tubular reabsorption 
of sodium Under normal physiological conditions ap- 
proximately 80% of the sodium in the glomerular filtrate 
is réabsorbed in the proximal tubule. The protein concen- 
tration af the blood within the postglomerular peritubular 
capillary bed is believed to exert a strong oncortic pressure 
on fluid within the proximal tubule and this in turn helps 
to regulate the volume of fluid reabsorbed, This process 
contributés to thé autoregulation of filtration and re- 
absorption known as glomerulotubular balance, Déspite 
a considérable physiological interest in the control of 
proximal tubular sodium reabsorption and other intrinsic 
renal control mechanisms, such as redistribution of 
bltering activity from superficial nephrons (relatively salt- 
losing) to juxtamedullary neéphrons (relatively salt- 
retaining), the major humoral influences on sodrum 
réabsorptuion reside in the distal rubule and collecting 
duct. That is, fine tuming of sodium reabsorpuon appears 
to reside in these more distal sites. 

Renin-angiotensin-aldosterone VThe best under- 
stood mechanism of tubular reabsorption of sodium 1s 
that controlled by aldosterone, Aldosterone 15 a steroid 
hormone released from the zona glomerulosa of the adre- 
nal cortex. The major control of aldestérone secretion 1s 
through angotensin Îl, an octapeptide produced in the 
circulation as a final product of renin action, Rerun 15 a 
proteolytic enzyme secreted by a smail group of cells 
situated berween the afferent and efferent glomerular 
antérioles and a part Gf the distal convoluted tulbule — the 
macula densa. This organizational complex, known as the 
ruxtaglomerular apparatus, ulumately controls aldoster- 
one secretion and hence tubular reabsorption of sodium. 
The renin-angiotensin-aldosterone system 1s summarized 
in Figure 4.1. The major physiological influence on 
aldosterone production 1s sodium deficiency, although 
hyperkalaema can suimulate aldosterone release directly. 

Aldosterone acts on the cells lining the distal tubule 
and sumulates sodium regbsorption in exchange for 
potassium and/or hydrogen ion secretion, In addition, 
angietensin Il has direct vasoconstnctive actions, thus 
having an immédiate influence on effectue plasma volume, 

Natriuretic hormones Glomerular filtration and 
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Secondary actions of angiotenun 1 
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«+ Salt and water nreabsorption in the intestine 
+ Central eftects: thirst, salt appetite 


Fig, 4.1 The renin-angiotensin-aldosterone system. +, stimulatory signal; 


the action of aldosterone do not constitute the complete 
control over renal sodium excretion: a third factor (or 
factors) has been proposed. The first described was the 
cardiac hormone atrial natriuretic factor, now known as 
atrial natnuretic peptide (ANP). The major molecular 
form of circulating ANP is a 28 amino acid peptide with 
a 17 amino acid ring structure formed by a disulphide 
bridge between cysteines at positions 7 and 23: this form 
of ANP is also described as GANP., The ANP precursor 
molecule synthesized within the myocvtes is a 151 amino 
acid peptide (pre-pro-ANP) which is cleaved to a 126 
amino acid peptide (pro-ANP or YANP) - the main stor- 
age form. On secretion into the circulation, pro-ANP is 
cleaved into the N-terminal 1-98 ANP and the biologi- 
cally active 99-126 ANP (GANP). An antiparallel dimer 
form of ANP (BANP) is also found in the heart and is 
converted to GANP in the circulanon. The major stimulus 
to the secretron of ANP 15 atrial stretch and the major sites 
of synthesis are the atria. 

Many of the carly studies of ANP action in animal ex- 
periments were made in vitro, so possible interactions with 
other humoral systems controlling salt and water meta- 
bolism could not be fully explored, However, more recent 
studies have suggested that physiological concentrations 
of ANP result in falls in plasma renin and aldosterone 
concentrations and thus provide evidence of a dual 
‘fine-tuning’ system of sodium control using afferent 
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information obtained from the heart and the kidneys si- 
multaneously. Currently studies do not suggest an impor- 
tant physiological role for direct interaction of ANP and 
arginine vasopressin (AVP), although ANP may modulate 
the renal response to AVP and blunt osmotically stimu- 
lated thirst appreciation. 

ANP has both natriuretic and hypotensive actions. The 
renal action appears to be inhibition of sodium reabsorp- 
on by the inner medullary collecting duct and is prob- 
ably mediated through cyclic GMP. The hypotensive 
actions are in part due to a direct effect on vascular 
smooth muscle, The physiology of ANP is summarized 
in Figure 4.2. 

Since the discovery of ANP two other natriuretic 
peptides have been described, each with a 17 amino acid 
ring structure —- BNP and CNP. BNP has a pre-pro form 
(134 amino acids) and a pro form (108 amino acids), but 
the major storage form is the mature peptide (32 amino 
acids). BNP was originally named brain natriuretic pep- 
tide because it was first isolated from porcine brain; it 1s, 
however, primarily synthesized in and secreted from the 
ventricles of the heart, The biological effects of ANP and 
BNP are similar, The alphabetical naming has continued 
with the most recently described natriuretic peptide CNP, 
which again has a pre-pro form (126 amino acids) and a 
pro form (103 amino acids), with the mature hormone 
being 22 amino acids in length. CNP appears to be re- 
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Fig. 4.2 The atnal natriuretic peptide system. 
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stricted to the brain in humans and acts as a neuropeptide 
rather than a cardiac hormone. 


Sodium appetite 


The renal conservanion of sodium is remarkably efficient, 
but when under physiological conditions sustained non- 
renal losses occur, such as through sweating dué to pro- 
longed vigorous physical activity or as a result of prolonged 
exposure to high ambient temperature, then a mechanism 
for increasing sodium intake comes into play — the sait 
appetite. That such a mechanism exists in humans can be 
observed in pathological states of impaired sodium con- 
servauion such as Addison’s disease. However, accurately 
defining the sodium appetite in man under physiological 
conditions is a subjective and difficult task. Salt intakes 
arc largely conditioned by traditions of food intake and 
cultural habits of seasoning food with salt, The impulse to 
add salt to prepared food appears to be automatic in many 
people, who do so even before tasting. 

Animal experiments have implicated an entirely sepa- 
rate, brain-based, renin-angiotensin-aldosterone system 
as a controlling influence on active salt-secking behaviour. 


ICF and water 
Under physiological conditions the solute content of cells 


is constant and therefore cell volume is dependent on sol- 
vent, not solute, content. The majonty of cell membranes, 


except certain specialized membranes of epithelial sur- 
faces, are freely permeable to water and thus the addition 
of water increases the volume of all body compartments. 
Cells behave as ‘effective’ osmotic meters —- swelling when 
body water increases and contracting when body water 
decreases. Normally ECF and hence ICF osmolahity are 
maintained at about 285 mmol/kg (sodium concentration 
140 mmol/L). 


Control of renal water output 


Osmoregulation There is a minimum obligatory 
loss of water by the kidney each day which is dependent 
upon the maximum achievable urine concentration and 
the osmotic load for excretion. The maximum renal 
loss of water occurs when, for a given osmotic load, the 
minimum urine concentration is achieved. 

The control of water output by the body is through 
secretion of antidiuretic hormone (arginine vasopressin, 
AVP) and its renal action, AVP is synthesized by two 
paired nuclei within the hypothalamus — the supraopuic 
and paraventricular nuclei. The hormone is transported 
by axonal flow to nerve terminals in the posterior pitui- 
tary. Closely associated cells within the hypothalamus 
(the osmoreceptor cells), by virtue of their swelling or 
shrinking in response to changes in ECF osmolality, 
control the release of AVP from the posterior pituitary. 
The effect of changing plasma sodium (hence osmolality) 
upon plasma AVP concentration is shown in Figure 4,3. 
Other solutes confined to the ECEF, e.g. exogenously ad- 
ministered mannitol, have a similar effect. By contrast, 
urea produces no significant stimulation of AVP because 
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Fig. 4.3 Osmorcgulation of AVP and thurst. 


it frecly permeates cell membranes. The osmoreceptor re- 
sponse is often characterized by its set point (variously 
defined by the osmotic pressure at which a méasurable 
AVP response cammences or by the basal state osmolal- 
ity} and by its responsiveness (gain or sensitivity as judged 
by the slope of the response}. Thus, in situations of water 
depletion extracelluiar osmolality will increase, osmo- 
receptor cells will contract and AVP secretion will in- 
crease. Hydration will reverse these events and suppress 
AVP. This systern constitutes the osmoregulatory control 
of AVP. 

Non-osmotic control of AVP In addition to osmo- 
régulation, certain non-osmotic controls over the secretion 
of AVP exist, including ECF hypovolaemia, hypotension 
and nausea. The AVP response to hypovolaemia and 
hypotension 15 relatively insensitive when changes are 
proportionally small (5-10%% reductions), but increases 
exponentially as further reductions occur. Thus a reduc- 
on in ECF volume or blood pressure of 20% or more 
will result in a plasma AVP concentration far in excess of 
that observed during normal osmoregulanon. The imflu- 
ence of baroreceptor or volume receptor afferent input 
appears to modulate the osmotic response but does not 
abobsh it: modulation occurs by decreasing the threshoïd 
for AVP release and increasing the gain of the systems. 

Nausea is the single most powerful stimulus to AVP 
secrerion. Ît overrides osmoregulatory control and plasma 
AVP concentrations may increase 100-fold or more. 

Thus the non-osmotic control of AVP may under 
certain pathological conditions significantly moduiate or 
ovérride normal osmoregulatorys control. 

Renal responsiveness to AVP The lurminal surface 
of the specialized cells lining the collecting ducts :s 
imperméable to water except when AVP occupies specific 
receptors on the contraluminal surface, Under these 
conditions water 1s absorbed into the collecting duct cells 
under the influence of medullary hyperosmolality and 
is subsequentls; absorbed into the bloodstream; concen- 
trated urine is formed. During states of overhydration, 
when AVP secretion is suppressed, the lurninal surfaces 
Of the collecting duct cells remain imperméable to water. 
Lumunal fluid rendered hypotonic in the diluting segment 
of the kidney is not exposed to the medullary hyper- 
tonicity and dilute urine is formed. The renal response to 
AVP is thus dependent on an intact receptor-effector 
mechanism within the collecting duct cell resulting in an 
altération 10 lumimal membrane permeability and upon 
the presence of a medullary osmotic gradient. Human 
urine osmolality varies between approximately 50 and 
1400 mmol/kg. 


Centrol of tater intake 


Osmoregulation The physiological stimulus to 
water intake is thirst. Héôwever, the act of drinking in 
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human societies in témpérate regions is predominantiy a 
social or habitual act not dependent on thirst. The control 
of water balance under non-pathological conditions is 
thus in many individuals and for much of the time 
achieved by control of output. 

The osmoregulation of water output by the kidney can 
oniy modulate and restrict an established deficit, but to 
reverse such a deficit a specific water input mechanism - 
thirat — is required. The osmoregulation of thirst is similar 
in principle to that of AVP and appears to be primarily 
governed by altération in osmoreceptor cell size, The 
osmoreceptor cells controlling thirst are considered to 
be closely linked but disuinct from those controlling AVP 
secretion, The study of dhirst in human subjects under 
conditions of continuous snimulation, as opposed to meas- 
urés of satiation, is a highly subjective exercise with large 
intersubject vanabihty. Controversy exists as 1Ô the exact 
relationship between the onset of effective renal water 
conservation and the onset of effective thirst - that is, a 
sensation Of thirst sufficient to Cause active sccking and 
intake of water, The response in Figure 4.3 of thirst dem- 
onstrates à ‘gap’ between the onset of AVP secretion (and 
hence water conservation) and the onset of thirst, The 
magnitude of this difference in water output and input 
effector controls will determine whether an individual 
controls physiological water balance primarily by thirst 
and water intake or by renal conservation of water, 

Non-osmotic control of thirst Non-osmotic thirst 
occurs when extracellular fluid is lost without a corre- 
sponding cellular dehydration, the osmotic pressure of 
the extracellular fluid remaining unchanged. In this 
respect the overall control of thirst parallels the control 
of AVP, with both osmotic and hypovolaemic stimuli, 
There 15 good evidence from animal experiments of both 
neural and hormonal mediators controlling non-osmotic 
thirst. Angiotensim Il is the most potent human thirst 
stimulant and may act directly upon the brain, but even 
when the effects of angiotensin IT are blocked significant 
hypovolsemia will still suimulate thurst. 

Thurst following hsemorrhage is s commonly reported 
chnical observation but, like the AVP responses 10 extra- 
cellular hypovolaemnia, cften a considerable degree of 
haemorrhage (15-20%% of total blood volume} 1s necessary 
before the sensation becomes strong. Thus for day-10-day 
water balance the primary physiological control af thirst 
15 OSMOTIC. 


ECF, ICF and potassium 


In health, plasma potassium concentrations range between 
3.1 and 4.6 mmol/L with serum levels approximately Q,3- 
0.4 mmol/L greater owing to release of potassium during 
clot formation (mean serum level 4.0 mmol/L; 4.3 mmoi/ 
kg. The intracellular concentration of potassium 15 ap- 
proximately 160 mmol/kg and 98% of the total body 
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potassium ts present in the intracellular fluid. There are 
two aspects to the physiological control of potassium, 
namely the total body content and its distribution be- 
twéen intra- and extracellular spaces. 


ECF and ICF distribution of potassiun 


The potassium content of cells is determined by the 
balance of activity berwecen uptake of potassim due to 
membranc-bound Na’, K'-ATPase and the passive loss or 
leakage of potassium out of the cell. Many factors can 
mfluence the distribution of potassium, eg. acid-base 
status, hormones (msulin, catecholamines), osmolalhity 
and the cellular content of porassium. The influence of 
acid-base status 15 Wwidely recogmzed as an unportant 
contributor to potassium distribution, with an association 
between hypokalsemua and alkalosis and between hyper- 
kalaermmia and acidosis. However, when the nature of acid- 
based disturbances is examined, marked varnations in the 
magnitude of changes of ECF potassium aré observed, 
Acidosis mduced by mineral acid administration produces 
a far greater increase in plasma potassrum than the equi- 
valent acidosis induced by organic acid administration. 

Insulin promotes active uptake of potassium by cells, 
probably by direct simulation of Na', K'-ATPase, and this 
activity appears to be independent of the effect of insulin 
on glucose uptake, The importance of the effects of insu- 
lin in controlling plasma potassium under physaological 
conditions 15 not understood, but its action has an impor- 
tant therapeutic role in the treatment of hyperkalaemia. 

Catecholamines have an effect on potassium distri- 
buuon, with H-adréenergic actions essentialls promoting 
cellular uptrake and &@-adrenergic actions resulting in 
increases in plasma potassium, but again the significance 
of these effects under physiological conditions is not 
understood. The net effect of catecholamines on cellular 
uptake of potassium probably explains the transient 
hypokalaermia frequently observed in acutely ill patients. 

An acute increase in extracellular comicity, such as 
occurs following hyperosmotic infusons of saline or 
mannitol, results in an increase in plasma potassium. This 
results from leakage of potassium from cells, a phenom- 
enon whuch is not related to extracellular acidosts but mar 
be linked to celluiar dehvdranion., altered cell membrane 
function or altered cell metabolism, An increase in extra- 
cellular tonicity 18 also observed in patients with hyper- 
glyvcaemia in the absence of insulin and has important 
therapeutic relevance in the provision of potassium re- 
placement during the treatment of hyperglycaemia. The 
effects of tonicity under physiologcal conditions are 
probably of no significance. 

Potassium deépletion results in a greater loss of potas- 
sum from the ECF than the ICF and potassium excess 
results in a greater proportional rise of ECF potassium 
than ICF potassium, The controlling influences over these 


changes are not défined, but the result 15 a significant 
alteration in membrane potential: thus is mcreased with 
potassium deplenion and decreased with excess, The ef- 
ects on neuromuscular function of either condition 
constitute the most important climical complications of 
disorders of potassium metabolism. 


Renal control of potassium output 


Intrinsice tubular control The traditional under- 
standing of potassium handling by the kidney is that 
porassium 1s freely filtered by the glomerulus, but that up 
10 95% has been reabsorbed before the tubular fluid 
réaches the distal convoluted tubule. The prédominant 
control of potassium excretion appears 10 reside in the 
control of distal tubular reabsorption or secretion. 

Plasma potassrum itself has a major effect on potassium 
secretion in the distal tubule, tending to correct any im- 
balance. Acute changes in sodium delivery to the distal 
tubule may also influence potassium excretion — restricted 
sodium delivery impairs potassium excretion but à ten- 
dency to natriuresis 1s accompanied by a kaliuresis. How- 
ever, chronic effects on potassium excretion as à résuit 
of changes in sodium intake are not seen because of the 
influence of the renin-angiotensin-aldosterone system. 

There is increasing evidence that medullary recvclhing 
of potassium occurs: a portion of the potassium within 
the luminal fluid of the medullary collecung duct is 
reabsorbed and a fraction of this is secreted into the 
descending limb of the loop of Henle. The increase in 
potassium concentration inhibits sodium reabsorption in 
the ascending limb and in turn increases sodium delivery 
to the collecting duct, which then provides the necessary 
conditions for further potassium secretion and hence 
repetition of the cycle. Evidence is accruing that, at the 
times increased potassium excretion is required, cycling 
is activé. Potassium excretion is enhanced by leakage 
from the cycle, but the cycle in rumm provides a regulatory 
feedback svstem. 

Aldosterone Potassium cirectly influences aldoster- 
one secretion from the adrenal cortex. À high plasma 
potassium will stimulate aldostérone secreuion and à low 
concentration will suppress sécrétion. Às stated previ- 
ously, the effect of aldosterone is within the distal tubules 
and is paomaniy sited in the corucal collecring ducts. 
Aldosterone influences the sodium permeabiliry of the 
apical membrane, which indirectly stimulates the sodium 
potassium pump on the basolateral membrane, In addi- 
tion, the number of sodium-potassium pumps is enhanced 
by a direct influence on the synthesis of Na°, K'-ATPase, 
Acidosis is associated with reduced potassium secretion 
and alkalosis with an enhanced secretion, The entry of 
potassium into the luminal cells of the distal renal tubules 
is décreased in acidosis and enhanced in alkaloss. The 
effect of aldosterone is to suimulate exchange of potassium 


and hydrogen ions for sodium ions. Therefore, the relative 
proportions of potassium and hydrogen ions within the 
cells of the distal tubule, rogether with the ability to 
secrete hydrogen ions, will determine the effect of sys- 
temmic acidosis or alkalosis on potassium excretion, Acting 
alone an acidosis will promote potassium retention and 
an alkalosis will promote a kaliuresis. 

Urine potassium concentration can vary between 
about 5 mmol/L and 150 mmol/L. Adaptation of urinary 
excretion to a variation in input téends to be slow, taking a 
few days to achieve a new balance. In this respect urinary 
control of potassium is less sensitive than the control of 
sodium. 


Extrarenal control of potassium 


There is evidence of additional potassium control via 
potassium secretion by the colon. In animal experiments 
a high potassium diet will result in an increase in faecal 
potassium and a potassium-deficient diet will result in a 
decrease. These adaprive processes are to some extent in- 
dependent of changes in aldosterone secretion, although 
for maximal colonic retention of potassium the presence 
of aldosterone secretion is required. 


DISORDERS OF SODIUM METABOLISM 


As sodium :s predominantiy an extracellular cation the 
control of sodium balance will control the volume of the 
ECE. The tonicity of body fluids is under osmoregulatory 
control, therefore sodium deficit or sodium excess 
presents clinically with primary changes in ECF volume 
rather than changes in sodium concentration within 
the ECF. Hyponatraemic and hypernatraemic states will 
therefore be discussed in the section on water metabolism. 


Sodium deficiency 
Climical presentanon 


Sodium 1s always lost from the body in association with 
water, Às the sodium concentration of all body fluids is 
equal to or less than plasma (except on occasions of high 
sodium intake, when urine sodium concentration will 
exceed plasma concentration), then loss of any body fluid 
except plasma will generally result in an excess loss of 
water over sodium. Any loss of sodium, however, will 
result in a reduction of ECF volume, including a reduc- 
tion in circulating plasma volume. Clinical presentation 
will depend on the severity of the decrease, When the 
changes are mild patients are often described clinically as 
being dehydrated, a description that should be confined to 
pure water deficiency but unfortunately in general usage 
is not, Except in rare instances, truly dehydrated (that is, 
water depleted) patents are extremely thirsty. Patients with 
all but the most severe salt and water deficiency are not. 
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Reduced intravascular volume, when mild, will result 
in postural hypotension and a compensatory increase in 
pulse rate; central venous pressure is reduced and this can 
be assessed clinically by observation of neck vein filling or 
directly measured following insertion of a cannula into a 
central vein. When the volume reduction is more severe, 
hypotension and eventually shock will result in oliguria; 
the central venous pressure is further reduced. Reduction 
in intersuitial fluid volume results in reduced skin turgor 
and transcellular fluid reductions result in dry mouth and 
reduced intraocular pressure, 


Causes of sodium deficiency 


The causes of sodium deficiency can be broadly classified 
into extrarenal, primary renal (resulting from renal dis- 
case) and secondary renal (resulting from disturbed hor- 
monal control of renal salt retention or diuretic abuse), In 
addition, and somewhat difficult to classify, is the sodium 
deficiency that can occur when isolated jejunal segments 
are incorporated into urinary diversion operations (jejunal 
conduit, jejunal continent diversion: see p. 52). These 
procedures are rarely performed as alternative sources of 
donor intestine are preferred. When jejunum is used in 
such procedures there is a risk of postrenal loss of sodium. 

Extrarenal sodium loss Extrarenal fluids have 
sodium concentrations which may approach the concen- 
tration in plasma (Table 4,3), The major causes of extra- 
renal sodium deficiency are summarized in Table 4.4. 


Cmmol/L}  (mmol/l.) (mou (mmolL) | 
Gastric juice 20-70 5-15 #0-160 0 | 
(with parietal | 
cell secretion) 
| Pancreatic juice 140 h 9 110-930 25-45 
Bile 1350-65 3-12 90-120 30 
Eleal flic 1053-44 6-29 42-60 50-70 
Sto0 Water 32-40 77-00 12-18 30-40 
5-80 $-15 


A !- 


| Gasmronrestimal 
| Gastric, eg. vomuting, aspiration, Hsculs, blood loss 
| Midgut, e.g. ileostomy, pancreatic and biliary fistulae 


| Hindgut, c.g., diarrhoca, bleeding, excess mucus production 


Sue «à thermal or increased sodium content (cystic filbrosis) 


Re dir 


ç 
| Gastroitestinal. c.g. Deus, small bowel obstruction 
transcellular spaces, ce. peritonitis, pleural effusion 
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The commonest clinical presentations result from gastro- 
intestinal disease. The clinical history may considerably 
underplay the degree of deficit, especially in chronic con- 
ditions or conditions resulting in sequestration of fluid. 

Primary renal sodium loss ‘The major causes of 
primary renal sodium loss are summarized in Table 4,5. 
The recovery phase of acute renal failure is often associ- 
ated with à polyuria, kaliuresis and natriuresis. Normally 
this stage is short-lived, lasting only a few days, but it may 
occasionally be prolonged. À natriuresis may occur fol- 
lowing successful renal transplantation and this may be in 
part due to transient tubular dysfunction; the recovery 
phase usually lasts only a few days, but occasional patients 
show prolonged natriuresis. 

Relief of urinary tract obstruction, most commonly 
seen in patients with prostatic enlargement, is often fol- 
lowed by a short period of diuresis and natnuresis. The 
exact mechanism of this is not fully understood, but is 
probably related to a urea-induced osmotic diuresis 
together with elimination of excess sodium retained 
during the obstruction phase. The natriuresis in these 
Cases 1s corrective and is not strictly a primary renal condi- 
tion: it is unlikelv to lead to sodium depletion. Normally 
this phase of post-obstructive natriuresis and diuresis lasts 
berween 1 and 7 days, but occasionally a more prolonged 
natriuresis occurs, leading to sodium deficiency. This rare 
event is secondary to tubular damage occurring during 
obstruction. Salt wasting has been described in associa- 
tion with methicillin-induced acute interstitial nephritis. 
Full resolution of the condition may be delaved for several 
months, during which time minimum obligatory losses of 
sodium may exceed 100 mmol/24 h. 

Chronic renal failure is generally associated with an im- 
paired ability to excrete sodium. Considerable adaptation 
occurs to increase the natnuretic capacity of the remain- 
ing functioning nephrons, which paradoxically impairs 
the overall sodium-conserving funcuion. Normally dietary 
sodium intake exceeds minimum obligatory urine sodium 
loss, but if dietary salt is restricted or non-renal losses of 
sodium are increased, the obligatory loss may imduce 
sodium deficiency. Minimum obligatory losses may be 
as little as 40 mmol/24 h and even lower if enough time 


| Acer 
| Diuretic phase of acute renal failure 
| Post renal transplantation 
Following relief of wrinary tract obstruction 
Acute imersritial nephritis 


Chronic 
Chronic renal failure with sait restriction 





| toxic nephropathies, €. chronic analgesic abuse, cisplatin 


is given for adaptation, but occasionally patients have 
minimum obhgatory losses exceeding 150 mmol/24h 
(3 mmol/kg body weight in children). The term salt-losing 
nephropathy is appropriate for this group of patients. 

Salt-losing nephropathy is a clinical state rather than 
a specific disease. It is normally associated with chronic 
renal failure due to tubulointerstitial disease or to glomer- 
ulonephritis with significant interstitial abnormalities, A 
common example of a toxic nephropathy inducing a salt- 
losing state is analgesic abuse, in which there is rypically 
also reduced concentrating ability and renal tubular 
acidosis. 

Secondary renal sodium loss The disruption of 
extrinsic controls over renal sodium handling can give rise 
to a secondary renal sodium loss. Patients present with 
a variety of symptoms, some specifically related to a con- 
tracted ECF volume, such as postural hypotension and an 
increased sodium appetite. Causes of secondary renal s0- 
dium loss, presented in Table 4.6, are essentially hormone 
or diuretic induced. In Addison’s disease the synthesis 
and secretion of aldosterone are reduced because of adre- 
nal gland destruction, leading to distal renal tubular 
sodium wasting. Congenital adrenal hyperplasia (CAH) 
with associated sodium wasting is due to impaired mineralo- 
corticoid synthesis and is associated with the most com- 
mon form of CAH (21-hydroxvlase deficiency) and the 
less common 3f-hydroxydehydrogenase deficiency. In 
either condition, the degree of sodium wasting is variable; 
it is present in about two thirds of patients with 21- 
hydroxylase deficiency (see Ch. 17). Very rare forms also 
exist, including cholesterol desmolase deficiency (lipoid 
adrenal hyperplasia) and corticosterone methyl oxidase 
deficiency — a deficiency in the mixed-function oxidase 
catalysing the final steps of aldosterone synthesis. Corti- 
costerone methyl oxidase deficiency is not strictly a type 
Of CAH as the synthesis of cortisol is unaffected and con- 
sequentiy the adrenals are not hyperplastic. In all these 
conditions the associated hypovolaemia stimulates renin 
production and all may be associated with hyperkalaemia. 
Treatment is predominantiy by glucocorticoid and mineralo- 
corticoid replacement. 

It might be predicted that deficient production of renin 
would also lead to renal sodium loss because of a second- 
ary deficiency of aldostérone. The condition hyporenin- 
aemmic hvpoaldosteronism 1is invariably associated with 





renal insufficiency, but the characteristic feature is hyper- 
kalaemia rather than hypovolaemia. As in the majority of 
patents with renal insufficiency, inappropriate renal so- 
dium loss will induce hypovolaemia if the patent is placed 
on a low-sodium intake, but it is unclear if this is more 
severe in hyporeninaemic hypoaldosteronism. Although 
this condition is a cause of secondary renal sodium loss, 
its main importance is in the differential diagnosis of 
hyperkalaemia and it is discussed in more detail later 
in this chapter (see Syndromes of hypoaldosteronism on 
p. 56). 

Pseudohypoaldosteronism (type 1) is a rare condition 
in which the mineralocorticoid receptor in the renal tu- 
bule, as well as in the colon and salivary gland, is defec- 
tive. The clinical fearures are similar to those observed in 
primary hypoaldosteronism but the aldosterone levels in 
plasma are elevated — hence the application of the term 
pseudohypoaldosteronism, indicaung end-organ receptor 
failure, not primary hormone deficiency. Infants present 
with hyperkalaemia and renal sodium wasting which is 
unresponsive to exogenously administered mineralocorti- 
coids. The main treatment is sodium supplementation, 
which will also reverse the hyperkalaemia. This condition 
is also discussed in more detail later in this chapter, 

Diuretic abuse, especially when surrepuitious, may 
present a difficult diagnostic problem. The major potent 
diuretics such as frusemide or ethacrynic acid may induce 
significant renal sodium loss but more often present with 
unexplained hypokalaemia, The differential diagnosis in- 
cludes Bartter’s syndrome, which is normally associated 
with sigmificant hypokalaemia (see later) and may often 
present with certain features of muld ECF volume 
depletion such as postural hypotension. 


Laboratory investigation of sodium deficiency 


No single laboratory finding is diagnostic of sodium 
deficiency, which therefore remains primarily a clinical 
diagnosis. There may be uraemia, particularly of a pre- 
renal pattern (with urea disproportionately elevated in 
relation to creatinine). Plasma sodium concentration may 
be normal, decreased (usually in association with urae- 
mia) or even increased when the sodium deficit is propor- 
uonately less than water deficit. Plasma sodium and urea 
concentrations cannot indicate accurately the degree of 
sodium depletion or reduction in ECF volume. 

Measurement of the haermatocrit may help to establish 
the degree of reduction in ECF volume, especially if the 
individual’s normal haematocrit is known — see Appendix 
1(a). Similarly plasma protein measurements may suggest 
ECF volume contraction, In a steady state, hyponatrac- 
mia in association with clinical evidence of sodium deficit 
can also be used to estimate the extent of sodium deficit — 
see Appendix 1(b). Either method provides only a rough 
guide to subsequent replacement. 
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Urine electrolytes will help to establish whether the loss 
has been renal or extrarenal. If there has been gastro- 
intestinal loss of sodium or another extrarenal loss, renal 
sodium retention should be maximized, Random urine 
sodium concentrations will show conservation of sodium 
with a concentration below 10 mmol/L. The mature, fully 
functioning renal system can reduce urine sodium con- 
centration to < 1 mmol/L,, but this capacity is less in the 
very young and old. Twenty-four h urine sodium output 
will show significant sodium retention, with 24h urine 
sodium excretion as low as 1 mmol and invariably less 
than 15 mmol even in the elderly. Plasma osmolality 
measurements are of no value in the differential diagnosis 
of sodium depletion, adding nothing to the information 
obtained from plasma electrolytes, urea and creatinine 
measurements. Urine osmolality will generally show an 
overall significant increase towards maximum, reflecting 
the oliguric state, especially when sodium depletion 1s 
sufficient to cause a non-osmotic increase in AVP., 

Only when a renal loss of sodium is present without 
evidence of renal impairment should secondary hormonal 
or diuretic-related sodium depletion be considered. For 
the majority of hypoaldosterone-related disorders there 
will be associated hyperkalaemia — for specific inves- 
tigation of all forms of hypoaldosteronism, see Chapter 
17. Diuretic abuse can provide an intriguing puzzle: 
along with Barrter’s syndrome, it provides the major dif- 
ferential diagnosis of renal sodium loss in association with 
hypokalaemia. 


Management of sodium deficiency 


The essential steps in treating sodium deficiency and 
ECF volume depletion are to attempt to treat the causes 
of sodium and water loss and to replace adequately the 
fluid already lost. The amount of fluid replacement must 
be balanced against measured or estimated losses, both 
intra- and extracorporeal. Accurate fluid charts (Table 
4.7) should indicate a positive or negative balance. The 
measurement of body weight is a useful adjunct to moni- 
toring and an increase in weight may indicate accumula- 
uon of interstitial or transcellular fluid. Fluid balance 
charts are crude indicators rather than absolute measures 
of balance, especially when confounding problems such as 
pyrexia (increasing insensible losses) or hypermetabolic 
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states (increasing metabolic water) intervene. Vital signs - 
pulse, blood pressure and central venous pressure (if 
measured) — all provide additional useful information 
to improve the practice of the art. 

The type of replacement is dependent on cause and 
severity. Mild forms of sodium deficit, such as caused by 
overtreatment with diuretics or chronic salt-losing neph- 
ropathy, may be adequately treated with oral sodium and 
water supplementation., For more severe forms of sodium 
deficit intravenous infusion is required and the type of 
fluids available are shown in Table 4.8. AII of them are 
iso- or hypo-osmolal to normal plasma. Hyperosmolal 
fluids, such as 1.8% or 5% sodium chloride or 2.74% or 
8.4% sodium bicarbonate, are not appropriate treatments 
for sodium depletion with clinical evidence of reduced 
ECF volume even in the presence of hyponatraemia, as 
infusions of such fluids will increase ECF volume to some 
extent by shifting fluid from the ICF volume. 

Hypo-osmolal fluids may be used when sodium deficit 
is associated with a greater degree of water deficit, ie, 
sodium deficit in association with hypernatraemia. 


Sodium excess 
Clinical presentanion 


Sodium excess is almost invariably associated with water 
excess (and is usually an iso-osmolal sodium excess). The 
clinical presentation will depend on the severity of the ex- 
pansion of ECF volume and its relative distribution within 
the ECF volume compartments. In practice, the clinical 
presentation is with oedema (peripheral or pulmonary) or 
effusions (pleural, ascites) or with hypertension. 

Peripheral oedema, due to sodium rétention, 1s charac- 
teristically ‘pitting’ when digital pressure is applied to the 
affected part. (Lymphoedema, due to lymphatc obstruc- 
tion, is characteristically non-pitting, while in myxoedema 
the swelling is brawny in nature.) Measurement or clinical 
observation of the central venous pressure may suggest an 
associated increase in intravascular volume, as may the 
demonstration of hepatic congestion or the presence of 
pulmonary crepitations. 
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Hypertension is a common clinical finding, but hyper- 
tension due specifically to chronic iso-osmolal sodium 
excess is rare. Causes of this form of hypertension are 
discussed later, but all are associated with an increased 
mineralocorucoid effect in the initial stages, promoting 
renal sodium conservation and renal loss of potassium. 


The association of muscle weakness with hypertension is 


an important clinical pointer to such a cause of sodium 
retention. 


Causes of sodium excess 


Sodium excess with oedema The causes of so- 
dium excess in association with oedema formation are 
shown in Table 4.9. Congestive cardiac failure (CCF) is 
a common clinical example of sodium excess presenting 
with dependent oedema, congested liver, increased jugu- 
lar venous pressure and pulmonary crepitations. The 
‘backward failure’ hypothesis suggests that increased 
transcapillary pressure resulting from increased central 
venous pressure causes ocdema and hence reduces intra- 
vascular volume. Reduced intravascular volume will in 
turn stimulate sodium retention. Although readily under- 
standable, this theory is inadequate because patients gen- 
crally have increased intravascular volumes. The ‘forward 
failure” hypothesis suggests inadequate perfusion of the 
kidnevs because of reduced cardiac output, which in turn 
promotes sodium retention. However, high cardiac output 
failure demonstrates that sodium retention can be inde- 
pendent of cardiac output. The reduced ‘effective circu- 
lating volume hypothesis’ lacks precise definition, but 
suggests that only a proportion of the volume is ‘effective’, 
i.e. circulating volume appears 10 be reduced in that the 
renin-angiotensin-aldosterone mechanism is activated, 
as is the release of AVP. Interestingly the increased right 
atrial pressure in CCF causes ANP release, leading 
to markediy elevated plasma levels; however the natriu- 
retic effect of the hormone is severely blunted and 
corréctive natriuresis does not occur without therapeutic 
intervention with diuretics. 

The nephrotic syndrome is characterized by severe 
glomerular proteinuria, hypoalbuminaemia and oedema. 
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The classic hypothesis explained the oedema and second- 
ary sodium retention on the basis of reduced oncotic 
pressure owing to hypoalbuminaemia. However, the rare 
condition congenital analbuminaemia js not associated 
with significant oedema and nephrotic patents infused 
with albumin do not consistently respond with a natriu- 
resis and reduction of oedema, Sudden remission of 
minimal-change glomerulonephritis may result in clinical 
resolution prior to an increase in plasma albumin, and the 
presumed reduced circulating volume in nephrotic syn- 
drome is less commoniv found when sought than normal 
or increased circulating volume. These observations imply 
an intrarenal mechanism of sodium retention in the neph- 
rotic syndrome. Sodium retention does not appear to be 
primarily driven by the renin-angiotensin-aldosterone 
system; morcover, ANP levels are moderately increased, 
not decreased, and the natnuretic effect of the hormone 
is maintained. 

Chronic liver disease frequently results in a state of 
sodium retention leading 10 oedema and ascites. Again, 
the physiology of sodium retention is multifactorial, re- 
sulting from decreases in glomerular filtration, enhanced 
proximal tubule reabsorption and increased renin- 
angiotensin-aldosterone production, presumably from 


SODIUM, WATER AND POTASSIUM 35 


decreased ‘effective’ intravascular volume. As in CCF the 
levels of ANP are significantly increased, but again the 
natriuretic response is blunted, The levels of AVP may 
also be significantly increased. 

Pregnancy Pregnancy demands a retention of sodium 
between 700 and 1000 mmol in order to expand the ma- 
ternal plasma volume and interstitial space and to provide 
the ferus with sodium. The sodium retention occurs pro- 
gressively during pregnancy even though the glomerular 
filtration rate is greatly increased, so that the reabsorption 
of filtered sodium must be substantially increased above 
the non-pregnant level. The renin-angiorensin-aldoster- 
one system is stimulated during pregnancy, a finding 
which supports the theory of renal sodium retention as a 
response to reduced ‘effective’ vascular volume (due to 
redistribution of ECF volume to the growing ferus and its 
maternal circulatory support). However, many studies 
have shown increased plasma ANP levels during preg- 
nancy, a finding somewhat at odds with the presumed 
reduced ‘effective’ vascular volume. Thus the kidney may 
retain sodium in response 10 some other stimulus (such 
as the effect of oestrogens) and the increase in ANP may 
represent the response to the resultant increased atrial 
pressure from expanded vascular volume, However, these 
two apparently conflicting theories are not mutually exclu- 
sive and it seems likely that the resultant increased activity 
in both the renin-angiotensin-aldosterone system and 
ANP forms the basis for an enhanced control over sodium 
balance. Enormous differences in daily sodium intake can 
be adequately accommodated during pregnancy -— from 
less than 10 mmol to greater than 300 mmol. 

Dependent leg oedema is extremely common during 
pregnancy, especially during the third trimester, and much 
of this is attributed to the mechanical pressure of the 
uterus upon the venous return from the lower Jimbs. 
However, there is a general tendency to an increased 
intérstitial fluid content because of reduced oncotic pres- 
sure (as a result of reduced plasma protein concentration) 
and because of the effects of oestrogens, which enhance 
the hydration of the mucopolysaccharide ground sub- 
stance of connective tissue. This general rendency to in- 
creased interstitial fluid content may also produce a more 
generalized oedema. 

Excessive sodium retention occurs in pre-eclampsia. 
Total body sodium is increased but the plasma volume is 
usually decreased, with shifts of fluid to the interstitium. 
The reduced plasma volume is the result of intense 
vasoconstriction, which also results in hypertension. In 
pre-eclampsia the renin and aldosterone concentrations in 
plasma in the third trimester are less than those observed 
during normal pregnancy. Furthermore, ANP levels are 
significantly increased above those found in normal preg- 
nancy or indeed those found in pregnancy associated with 
essential hypertension. ANP appears to be released into 
the maternal circulation in response to vasoconstriction 
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and an increased volume load to the cardiac atria. Thus in 
pre-eclampan, as compared with normal prégnanev, both 
renin-aldostérone and ANP act as if to promote natriu- 
résis, but for reasons which are not understood natriuresis 
1s impaired. 

Menstrual cycle  Desprte intensive study over 50 vears 
or so the question of whether the normal menstrual cycle 
15 associated with sodium retention remains unresolved, 
There 15 widespread belhef chat the majority of women 
rétain sodium prémenstruaily, giving rise to premenstrual 
cédema in some. Plasma aldosterone and renin are 
clevared dunng the luteal phase of che ovulatorv cycle, but 
this elevation is coupled with an increase in progesterone 
which 1s thought to antagoruze the renal actions of aidos- 
teronc. Studies have shown that plasma ANP levels 
remain the same during the follicular and luteal phases. 
It has also been demonstrated that in normal females the 
ANP response to volume expansion às no different im the 
follicular and luteal phases of the menstrual cycle and 
the proportional suppression of renin and aldosterone 1s 
also identical bétwéen the two phases of the cycle. When 
these findings are coupled with the observations that body 
weight, creatinine clearance and basal sodium excretion 
do not alter during the phases of due cycle, there is little 
evidence of renal sodium retention. 

This remains an area for further intensive research. 
particularky as inappropriate treatment of perceived symp- 
toms may lesd to further complications af sodium balance 
{see next section). 

Idiopathic oedemna Idiopathic oedema is à condition 
which occurs in women. Weight gain due to sodium re- 
tention can be dramatic with 1s0-osmotic retennon of 
sodium and water, eg. 200 mmol/24 h of sodium reten- 
don can give rise to a weight increase of 1.4 kg/24 h, The 
aétiology of this condition is unknown, but one suggestion 
is that diuretics may be used to produce rapid weight loss 
and that cessation of this self-medication leads to rebound 
sodium retention. The diuretic is then subsequently re- 
commenced for cosmetic reasons to reduce oedema for- 
mation and weight gain. Thus a vicious cycle of sodium 
depletion followed by sodium retention and oedéerna 1s set 
in place, However, in some patients prior diurétic use 
cannot be dernonstrated, 

Many panents with idiopathic oedema show exagger- 
ated sodium retenuon on assuming an upright posture 
with a marked reduction in renal blood flow and GFR. 
Cestrogens do not appear to play an important role as the 
condition has been demonstrated in a patient who had 
previously undergone bilateral cophorectomy. The role of 
renin-angiotensin-aldosterone is not fully understood, 
with a proportion of patients having increased plasma 
remin and aldosterone levels, particularks when in an 
upright posture, but with suppression of levels by a high 
salt diet. Limited studies of ANP have been performed 
but no abnormalities have been demonstrated: normal 


basal values are found and are stimulated by volume 
expansion. 

Sodium excess without ocedermma The causes of 
sodium excess without cedema are shown in Table 4.9. 
Acute sodium loading 1s a rare event mvanably caused by 
inappropriate sodium administration to highly dependent 
individuals, e.g. those in intensive therapy units, especially 
the very voung, the old and the highly imcapacirated. 
Acute hypernatraemia is a powerful sumulus for thirst and 
thus to maintain the condition the intake of fluid must be 
derued by an inability, for whatever reason, 10 express or 
act upon the desire to drink. Examples of acute sodium 
excess include administration of high sodium concentra- 
uon oral feeds to infants (in which glucose has acciden- 
tally been replaced by sodium chloride in the feed 
formulauon), the use of oral hypertonic sodium chloride 
solutions as emetics, excessive administration ©6f intra- 
venous hypertonic sodium bicarbonate and the voluntary 
consumption of excessive quantities of table sait. In 
the past the accidental introduction of hypertonic sodium 
into the circulanon during therapeutic sbortion has been 
a Cause of acute socium excess. Acute sodium loading 
associated with hypernatraenma 1s a Lfe-threatening condi- 
uon and should be treated promptiy with free water 
administration. 

Mineralocorticoid excess has a variety of causes (Table 
4.9}. Although this is a condition of excess sodium reten- 
uon the usual clinical presentation is hypertension with 
hypokalaemia. The sevenity of hypokalaemia is m tum 
dependent on sodium intake, being reduced in severity 
if sodiurn intake is reduced. AI of these conditions are 
discussed elsewhere in this book, either as part of the 
pathology of the adrenal glands (see Ch. 17) or in relation 
to hypokalaermia (see p. 53). The fascination of these 
conditions with respect to sodium is why sodium reten- 
ion does not usually progress to increase che volume of all 
the extraccllular fluid spaces sufficientiy to cause oedema. 

As the ECF volume expands, the filtered load of 
sodium increases and the fraction resbsorbed by the 
renal tubuies decreases, This mechanism constitutes the 
‘escape’ for sodium (but not potassium) from mineralo- 
corticoid effects. There is good evidence that ANP may 
account for a part of the escape mechanism — ANP levéls 
are elevated in primary hyperaldosteronism and return to 
normal when byperaldosteronism is reversed or antago- 
nizéd. Escape involves depression of proximal tubule 
sodium reabsorption. Other intrarenal substances such 
as prostaglandins and kimins may also promoté natriuresis, 


Laboratory investigation of sodium excess 


The investigation of sodium excess 15 confined almost 
exclusively to the investigation of ocdema and of hyper- 
tension: hypernatraemia is not a feature of sodium excess 
except in the rare instances of acute sodium loading, when 


apart from the demonstration of hypernatraemis the cause 
is usually clear from the clinical history. 

In practice, the purpose of the investigation of cedema 
is primanily to differentiate reduced oncotic pressure from 
other causes, usually by the measurement of plasma pro- 
téin concentration and the confirmation af any route of 
protein loss, e.g. thé measurement of urine protein excre- 
üon. The diagnosis of oedema secondary to CCF and 
liver disease is primanily clinical: detailed sodium balance 
studies are not normally justified or indeed, practicable. 
Idiopathic oedema is also a condition which is initially 
diagnosed from the clinical history, although perods of 
continuous sodium loading with simultaneous sodium 
balance studies may reveal a propensity for sodium 
rétention. 

The laboratory investigation of sodium excess 45 à 
contributor to hypertension involves the demonstration 
of increased mineralocorticoid action, the smplest pointer 
being the association of hypokalaemuia and hypertension. 
Investigation of primary hvperaldosteronism, conditions 
of increased glucocorticoid secretion and conditions of s0- 
dium retention due to congenital adrenal hyperplasia are 
covered in Chapter 17. Other causes of hypokalaemia and 
hypertension are discussed in the section on potassium 
metabolism on page 53. 


Management of sodium excess 


For those conditions associated with oedema the manage- 
ment will be aimed primarily at ameliorating the primary 
cause; thus inotropes may be used in cardiac failure. This 
primary treatment, when applicable, needs to be coupled 
with attempts to control sodium and water retention by 
the restriction of dictary sodium and, when appropriate, 
the use of diuretics, The laboratory’s role in management 
is to monitor the potential complicanons of diurenic trear- 
ment, notably hypokalaemia (especially with the use of 
loop diuretics}, hyperkalaemia (with the use cf potassium 
sparing diuretics such as spironolactone) and hyponatrae- 
mia (when overdiuresis results in non-osmotic stimulation 
of AVP with secondary water retention). In addition, the 
laboratorv’s function is to monitor the effects of natriu- 
resis on renal funcuon by monitoring plasma urea or 
creatininc concentrations, 

For conditions of sodium excess without oedema the 
initial management is to control renal sodium excretion 
either by attention to latrogenic causes (such as exogenous 
mineralocorticoid treatment) or by treatment with diu- 
retics such as sptronolactone, This treatment is combined, 
when appropriate, with antihypertensive therapy. The lab- 
oratorv's role in management again is to monitor for pos- 
sible complications. particularly with respect 10 potassium 
metabolism. For those patients with surgically correctable 
conditions, such as primary hyperaldosteronism due to 
an adrenal adenama, the defininive treatment 1s surgery. 
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DISORDERS OF WATER METABOLISM 


As water 1s distributed throughout all body spaces the 
effects of pathological excess or deficiency will be reflected 
in the relative functional sensitivities of each space. For 
example, a 10% excess or reduction in total body water 
(TBW) 15 unlikely to result an symptoms from salterations 
in ECF volume. However, ICF volume changes may con- 
siderably impair cell funcuon;: in particular, rapid changes 
may significantly impair bram cell function. 

D'isorders of water metabolism include three categories 
of conditions. First are conditions in which polvuria is 
the major feature. Polyuria 1s defined as a urine output in 
aduits in excess of 50 mL/kg body weight/24 h. In poly- 
una one aspect of water homocostasis is defective but 
may be compensated by another: either a reduced ability 
to concentrate the urine is compensated by a secondary 
increase in thirst, or an excessive water intake is compen- 
sated with a secondary increase in urine output. In either 
case, patients are usually normonatraermc uniess the 
compensatory mechanism is compromised. 

The second set of conditions are those of water 
deficiency in which homocostasis 15 defective and normal 
body water content cannot be maintained: patients 
présent with hypernatraemia (plasma sodium above 
145 mmolL.). 

Thirdly, there are conditions of primary water excess 
in which homoecostasis 1s defective: patients present with 
hyponatraemia (usually defined as a plasma sodium below 
1350 mmol/L) or clinical features of water intoxication. 


Polyuria 
Primary polvuna exith secondary polydipsia 


Polyuria due to diabetes mellitus or renal failure should 
be differentiated at the outset, The primary inability to 
concentrate urine with secondary polydipsia is known as 
diabetes insipidus (DT) and may be due either to impaired 
release of AVP from the posterior pituitary (Cranial dia- 
betes insipidus, CDD or to impaired renal response to 
AVP (nephrogenic diabetes imsimdus, NDDT. 

Thé major causes of CDI and ND are shown in Table 
4.10. Inherited CDI is much rarer than the inherited form 
Gf NDI, the former being cither part of a autosomal reces- 
sive condition or à feature of the extremely rare Wolfram 
syndrome, comprising diabetes insipidus, diabetes melli- 
tus, opt atrophy and deafness {hence DIDMOAD syn- 
drome). Patients with either CDI or NDI may retain à 
partial ability to concentrate the urine, which can lead to 
diagnostic confusion. The osmoregulatory set point for 
AVP release and thirst is maintained in both conditions. 
Thus, in developing CDI, as the number of active cells 
releasing AVP from the posterior pituitary diminishes, 
the slope of the osmoregulatory response will decrease 
(Fig. 4.44), With a plasma osmolality for thirst normally 
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set slightiy above that for AVP release, the urine concen- 
tration that can be achieved at the onset of thirst will 
diminish. When CDI is complete, with no effective release 
of AVP, then thirst will be stimulated even though the 
urine is maximally dilute. Intermediate stages can there- 
fore provide confusion as an increase in the plasma 
osmolality due to water deprivation despite thirst can be 
associated with a normally concentrated urine, Diagnostic 
confusion may be further compounded by two additional 
features not shown in Figure 4.4: 


|. an upregulation of renal responsiveness to AVP in 
CDI in which the kidney becomes more responsive to 
circulating vasopressin; 

2. a secondary loss of urine concentrating ability once 
the sustained polyuria has resulted in medullary washout, 
with a reduction of the concentration gradient within the 
medulla of the kidnev. 


The former phenomenon may mask a developing CDI. 
The latter feature may result in a very blunted response 
to endogenous and exogenously administered AVP (or 
an antidiuretic analogue), thus suggesting a primarily 
nephrogenic basis to the polyuria (see Fig. 4.4B), whereas 
in fact the loss of renal concentrating ability is secondary 
to the severe polvuria. 

Nephrogenic diabetes insipidus may also present with 
only partial loss of function. The renal response to AVP 





may be reduced because of absolute reductions in con- 
centrating ability (such as induced by the tetracycline 
antibiotic demeclocycline or by medullary washout - 
Fig. 4.4B)., The maximum achievable urine concentration 
is impaired irrespective of the plasma concentration of 
AVP. However, a reduced apparent affinity of AVP for its 
receptors in the kidney (such as induced by lithium in 
therapeutic concentrations for the treatment of bipolar 
affective disorder — Fig. 4.4C) may result in a variable 
response to AVP: the maximum achievable urine concen- 
tration may be maintained but a higher concentration of 
AVP is required to achieve this, Thus, all patients receiv- 
ing lithium have a reduced renal responsiveness to AVP, 
which to a degree is dependent on the plasma concentra- 
tion of lithium, but only a minority exhibit polyuria and a 
renal concentrating defect at current therapeutic levels. 

Congenital nephrogenic diabetes insipidus is a rare sex- 
linked condition which appears to be due to a defect in the 
V, AVP receptors in the renal collecting tubule, Affected 
males present within the first 6 months of life with failure 
to thrive, irritability, severe thirst and excessive wetting, 
Often the diagnosis is made during the first acute hospital 
admission because of impaired consciousness or convul- 
sions, due to severe water depletion leading to significant 
hypernatraemia. The kidneys are completely unresponsive 
to AVP or AVP analogues. The female carriers of the con- 
dition are of interest, as many show evidence of polyuria, 
especially during pregnancy. Originally dus polyuria was 
considered to be due to the copving of affected males, but 
this explanation is now disproven, with many females 
having demonstrably impaired renal responses to AVP - a 
partial form of congenital NDI (Fig. 4.4C) — but some 
being almost as severely affecred as males with congenital 
NDI. 

Both lithium and demeclocycline may produce 
clinically severe NDI with marked degrees of polyuria. 
Patients receiving lithium are surictly monitored to ensure 
effective but safe concentrations of lithium in serum 
to reduce the incidence of unwanted effects, including 
polyvuria. Demeclocycline, once used to treat acne vul- 
garis, is no longer used as an antibiotic in man but is 
occasionally used to control water-retaining states (see 
p. 49), The NDI of hypokalaemia and hypercalcaemia 
is generally less severe with polyuria rarely greater than 
4 L/24 h in adults. 


Pregnancy and polvuria 


There are several subtle alteérations to normal osmo- 
regulation in pregnancy, with the osmotic thresholds for 
both thirst and AVP secretion falling at about the sixth 
weck by about 10 mmol/kg and remaining at this lower 
level throughout pregnancy. À new steady state 1ïs 
achieved. The postpartum rise of these thresholds to 
normal occurs within approximately 3 wecks. 
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Fig. 4.4 Schemauc representation of the relationship of plasma csmolality Lo plasma 
AVF concentration and the relationship of plasma AVP concentration to urine 
concentration 19 different tvpes of diabetes insipidus. Thirst is represented for ilustranive 
purposes as a single point threshold related to plasma osmolality. (A) COL The renal 
response to plasma AVP is shown as normal. The thick Hine relating plasma AVP to 
plasma osmolalits represents the normal response, Às the number of celk releasing AVP 
from the postenor pituitery decreases so he slope of this relationship becomes less, As the 
slopé falls, dre aclueved plasma AVF and hence urme osmolality at he point that durer is 
stunulated also falls, Polyuria lencds to poludipsis, Higher AVP concentrations will result in 
nses in urine osmmolaley. (8) NDL The piruitery release of AVP 15 shown as normal. The 
renal response 16 AVE Es shouen as à serres of reducing maximum séhdevable urine 
concentrations - an absolute reduction in renal responsiveness wrrespective of AVP 
concentration. When maximum achievable urine concentration is sufficientdv reduced, 
there 1 suimulared when urine 1 dilute, Polyuna leads co polydipaia, Higher AVP 
concentrations de not influence urine concentration. (C) NDI. The pituitary release of 
AVP 15 also shown 44 normal. In this type of ND the renal response to AVP becomes less 
responsive to a given concentration of AVP, but the range of response in terms of 
maniourm achievable urine concentration remains mtact. The affinity of AVP for the 
concentrating mechanism is reduced and when thus 1 sufficiently severe thurst is stimulated 
when urine is dilute, Poteuna leads to polydipeis, Higher concentrations of AVP cnay 
result in furdher rises in urine concentration. 


The major potential complication of osmoregulation and is the massive increase in the clearance of AVP from 
in pregnancy is polyuria with secondary polydipsia. Preg- the circulation. This is largely due to clearance within the 
nancy 1s discussed separately from other causes of poly- placenta and degradation within the circulation as a result 
uria because the underlying cause is unique to pregnancy of the release from the placenta of vasopressinase (cystine 
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amunopeptidase, oxytocinase), In addition, there is evi- 
dence of increased clearance of AVP by the liver and 
kKidneys related to increased plasma flow to béth organs. 
Pregnancy may unmask partial forms of CDI and NDI 
and a massive increase in the clearance of AVP mav in 
its own right produce a form of diabetes insipidus that is 
unresponsive to exogenous pharmacological doses of AVP 
but 1s responsive Lo a commonly prescribed vasopressin 
analogue - desamino-8-D-arginine vasopressin (4DAVP, 
desmopressin). Desmopressin 1s resistant to enzymic 
degradation by vasopressimase. 


Polvuria secondary to primary polvdipsia 


Primary polydipsia is found in associarion with à variety 
of psychiatnic and other CNS disorders. The commoncest 
form 15 the ‘compulsive water drinking’ found in up to 7% 
Of psychiatric inpatients. One possibiliry is that these 
patients have a reduced osmoreceptor setting for thirst 
which 15 at or below the setting for AVP release, However, 
a subgroup of compulsive water drinkers use excessive 
water intake as a form of purging or self-therapy and thus 
formal assessment of thurst thresholds using subjective 
visual analogue scales may be difficult 1 not impossible to 
interpret. This latter group has sometimes been classified 
as having psychogenic polydipsia, although the rerms 
compulsive water dninking and psychogenic polsdipsia are 
often used synonymousls. The mechanisms are further 
complicated by the fact that many of the drugs used in 
psychiatry have powerful anticholinergic effects and may 
cause dryness of the mouth with a subsequent desire for 
oral fluids. 

Primary polydipsia due to à hypothalarmic disorder 1s 
rare but can be dramatic, even immediately following 
ingestion of large volumes of water. Patients may possess 
such cravings for further water intake that they will go to 
extreme lengths to obtain it, such as consuming bath 
water or even lavatrory water, In contrast, hypothalamic 
disorders can occasionally give rise to a water-retaining 
state and :f excessive thurst is also present severe acute 
hyponatraemia may result (sec p. 44). 

Excessive thirst is a rare feature of conditions in 
which the renin-angiotensin system 1s suimulated, passibly 
because the concentration of angiotensin [E, a powertul 
central thirst stimulant, is increased, Thus, pathological 
thirst has been described in renal artery stenosis, Wilms’ 
tumour, endstage renal disease and even congestive 
cardiac failure. There is some evidence that when thirst 
occurs in these conditions it can be controlled by angio- 
téensin-converting enzyme (ACE) inhibitors. The mecha- 
nisms, however, are not well understood, ss paradoxicalls 
some animals develop increased thirst in response to ACE 
infubitors; this 15 presumed to be because of increased 
angiotensin 1 delivery to thirst-sumulating areas of the 
brain which are inaccessible to ACE inlibitors and at 
which conversion to angiotensin [I subsequentiy occurs. 


Laboratory investigation and treatment of polyreria 


The first step 1s to confirm polvuria. Patients may confuse 
frequency of mictuntion with polvunsa. Polvaria 1s invari- 
ably associated with polydipsia and nocturnal polvdipsia is 
an important pathological symptom. Plasma potassium, 
calcium and urea measurement in the basal state may re- 
veal hypokalaemria, hypercalcaemia or renal impairment. 
Plasma sodium may provide a pointer to the final diagno- 
sis, tending towards the upper reference limit in secondary 
polydipsia and DI, but towards the lower reference limit 
in primary polydipsia. However, overlap of plasma so- 
dium concentrations between the diagnostic groups 
means that a water deprivation test is often necessary. 

Water deprivation test À standard protocol which 
can be performed on outpatients or day Cases in the ma- 
jority of patients 1s provided in Appendix Z{a). The test 
is conceptually simple to understand but is often im- 
correctly performed. Weighing the patient prior to and 
during water deprivation is a most important component 
of the test, Weighing allows the detection of surreptitious 
water intake — weight loss during the test should approxi- 
mate to urine output (1 litre = 1 kg). Weighing is also nec- 
essary Lo prevent gross dehydration in patients with severe 
DI - à weight loss of 3% body weight is normalls the 
maximum fdimit and if this is achieved the test is 
concluded with dDAVP admuustranon. However, care 
should be applied with respect to the weight loss limit as 
certain patents, often but not imvariably with primary 
polydipsia, may prepare for the test by considerable water 
loading. Alternativels, patients with severe DI may start 
the test grossiy dehvdrated. Basal plasma and urine osmo- 
lality should be measured before the rest is started as a low 
plasma osmolality (< 280 mmol/kg) may imply prior water 
loadmg and therefore the weight limit can be extended, 
while an elevated osmolality {> 295 mmol/kg) with dilute 
urine (< 200 mmol/kg) at the start of the test would pre- 
clude imitation of water deprivation. 

If the water deprivation part of the test is concluded 
without adequate urine concentration being achieved 
(urine osmolality < 600 mmol/kg or urine — plasma osmo- 
lality ratio <2:1), then dDAVP js administered intra- 
venously or intramuscularly. À sample of urine is collécted 
after 2 hours and, if necessary, at intervals during the next 
16 hours to determine maximum achievable urine con- 
centration, Patients are allowed to drink during this time, 
but imtake should be limited: a total mput over 16 hours of 
not more than 1000 mL. is recommended. This is particu- 
larly important in patients who have primary polydipsia as 
otherwise water intoxication Could ensue. For patients 
with severe NDEL however, this hmit may be inadequate 
and some extension may be required, matching output t6 
input. Problematic patients should therefore be admitted 
to hospital and kept under observation. 

Some care is required mm interpretauon of the final 
results of urine concentration achieved following dDAVP. 


Any patient with a history of prolonged polyuria of what- 
ever cause will have some impairment of urine concen- 
trating ability because of medullary washout, Artempts 
have been made to establish diagnostic criteria based 
upon the percentage increase of urine concentration 
following exogenous AVP preparanons and that achieved 
by water deprivation alone. Such fixed criteria do not take 
into account plasma osmolality measurements during or 
after water deprivation and may lead to musclassification. 
The majority of patients under investigation will be 
patients who have CDI or primary polydipsia. These 
patients may only achieve urine concentrauons of 
400 mmolke following dDAVP, but in the case of CDI 
plasma osmolality at the end of water deprivation would 
be at or above the physiological range. If diagnostic confu- 
sion exists then further information may be achteved by 
plasma and urine AVP messurements during a repeat 
water deprivation test, Alternatively, a hypertonmic sahine 
infusion with serial plasma AVP measurements may be 
necessary. 

Hvypertonic saline infusion À protocol for hyper- 
tonic saline infusion is given in Appendix 2(b). This test 
involves producing an acute elevation in plasma sodium 
(approximatels 10 mmol/L) with frequent monitoring of 
plasma AVP concentration. Although acute extracellular 
osmotic changes should generally be avoided, the degree 
of change induced by the procedure is sufficient to induce 
significant and casily detectable increases in plasma AVP 
without complications; the morbidity of the test is ex- 
tremely low. The major function of thus test is to difieren- 
Gate partial forms of CDI from primary polyvdipsia and 
from partial NDL In CDI the slope of the relationship 
between the plasma osmolality and the plasma AVP is 
reduced, but thresholds for thirst and AVP release are 
normal. The slope of this relationship remains normal in 
primary polydipsia and NDI (see Fig, 4.4A). 


Management 6f polvuna 


Treatment of CDI has been revolutionized following the 
introduction of dDAVP. This analogue of AVP has a pro- 
longed action and virtually no pressor activity. It is simple 
to administer and is most commonly given nasally either 
by spray or using a calibrated insufflation tube. Patients 
tolerate the treatment extremely well and soon become 
practuised in altering doses to méct their social require- 
ments. Dilutional hyponatraemia is à potentially serious 
side effect but in practice is rarely encountéred. 

Because of the efficacy and patient acceptance of 
dDAVP, other forms of treatment have virtually dis- 
appeared, Lysine vasopressin (porcine ADH, previously 
available in oil as Pitressin) suffers the major disadvantage 
of AVP in that to achicve reasonablée duration of action a 
dose high enough to produce pressor effects may be re- 
quired, Other drugs which act by enhancing renal respon- 
siveness to AVP, e.g. chlorpropamide, or by inhibiting 
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renal diuting capacity, e.g. tduazide diuretics, are no 
longer used for CDI. 

Primary polydipsia is a difficult condition to treat but 
in many instances requires no primary treatment other 
than reasonable restriction of access 10 water, The major 
problern in this condition is the avoidance of antidiuresis 
and thus the potential for acute water intoxication. 

The treatment of NDIT is dependent on the cause. 
Acguired forms, such as those resulning from hypokalae- 
mia or hypercalcaemia, require correction of the primary 
metabohc disturbance, Lithium treatment is probably the 
commonest cause of NDI although the prevalence has 
fallen considerably since the recommended therapeutic 
range for serum lithium in the treatment of bipolar affec- 
uve disorder has been reduced. Some reduction of poly- 
uria can often be attained by reduction of lithium dose or 
by dividing doses of lithium to avoid very high peak serum 
concentrations, The renal resistance to AVP js related 
to serum lithium concentration. For intractable cases of 
lithium-induced polvuria alternatives to lithium therapy 
should be sought. 

Congenital NDI poses considerable problems of 
management. The severe polvuria may lead to enlarged 
bladder, hydroureter and hydronephrosis and eventually 
to renal impairment, which ironically will reduce the 
symptoms. In addition, any failure to respond to the sec- 
ondary polydipsia, such as may occur during illness or any 
degree of incapacity, will lead rapidly to hypernatraemia. 
The main treatment available is thiazide diuretics, which 
inhibit the function of the diluting segment of the distal 
tubule and, coupled with sodium restricnon (less than 
1.5 mmol/kg/24h}, can effectively raise the minimum 
urine osmolality from about 50 mmol/kg to 100 mmolkg. 
This will halve the urine volume, but by normal criteria 
the patient remains séverely polvuric. Secondary hypo- 
kalaemia is a complication which should be anticrpated 
and avoided. 

Prostagiandin synthetase inhibitors such as indometh- 
acin may also have some effect in reducing urine volume. 
This treatment is usually less effective than thiazides and 
may result in renal impairment, 


Hypernatraemia 


Mild hypernatraemia (plasma sodium > 145 mmol/L) is 
not uncommon in hospital patients, especially in the 
clderis, but severe hypernatraemia (> 154 mmcolL) has 
an incidence of less than 0,2% of hospital admissions per 
annum. The causes of hypernatraemia are shown in Table 
4.11. 

Spurious hypernatraemia may occur due to sampling 
error, for example sampling from the same limb receiving 
a hypertonic sodium infusion such as 8.4%% sodium bicar- 
bonate, Spurious hypernatraemia may also occur because 
of postcollection contamination of the sample with sodium 
salts or because of evaporative losses after collection. 
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Acute sodium poisoning may also result in severe 
hypernatraemia (see p. 36) which is not initially due to 
water depletion but will induce water depletion through 
natriuresis and diuresis and will require correction with 
free water administration. 

The major clinical causes of hypernatraemia are due 
to water deficit either physiologically when the desire to 
drimk cannot be expressed, such as may occur in the 
neonate, the incapacitated voung or old or in the un- 
conscious patient of any age, or pathologically with a 
history of polydipsia and thirst which 1s, for whatever 
reason, not satished. 


Water deficiency with thirst 


Patients with water deficiency whose ability to ingest 
water is impaired by incapacity will be oliguric (< 400 mL/ 
24h). The urine will be concentrated (osmolality 
> 1000 mmol/kg), although the capacity for urinary con- 
centration is restricted in thé neonate to about 500 mmol/ 
kg and in the adult urine concentrating capacity declines 
in the elderly and may fall below 700 mmol/kg over the 
age of 60, 

In patents whose water deficiency is due to complete 
DI (cranial or nephrogenic) the urine is not concentrated. 
However, if the water deficiency is sufficient to reduce 
ECF volume and thus renal function sigmificantly, the 
urine may not be maximally dilute but will approximate 
to the osmolality of plasma. In addition, in partial forms of 
DI, severe water deficiency may result in near maximally 
concentrated urine, In order to avoid diagnostic confu- 
sion, it is therefore advisable to correct any water defi- 
aiency prior to establishing the diagnosis with a water 
deéprivation test. 


Water deficiency tithout thirst 


Patients may rarely present with severe hypernatraemia 
but no thirst or polyuria. The cause is a group of condi- 
tions known collectively as adipsic or hypodipsic hyper- 
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Fig. 4.5 Relationship berween plasma AVP and plasma osmolaliry in 
patients with hypodipsic hypernatraemia: 1, normal regulation of AVP 
release; 2, partial defect in AVP releuse; 3, total defect; 4, reset 
osmostat. The dotted line represents the limit of detection of current 
AVP assays. Adapted from Robertson G L, Aycinena P, Zerbe R L, 
Neurogenic disorders of osmoregulation. American Journal of Medicine 
1982; 72: 3979-53, 


natraemia or essential hypernatraemia, The hypothalamic 
disorder causing hypodipsic hypernatraemia may be due 
to trauma, a primary or secondary tumour, a granuloma 
(e.g. sarcoid or histiocytosis) or vascular impairment, or 
the condition may be idiopathic. The aetiological similar- 
ity to those conditions causing CDI underlines the close 
proximity of osmoreceptors for AVP and thirst control 
within the hypothalamus. Four subtypes of hypodipsic 
hypernatraemia have been recognized (Fig. 4.5). 

In type 1 normal osmotic control over AVP release 
is retained but thirst appreciation is absent. This dis- 
order is very rare but demonstrates the separate osmo- 
regulation of thirst and AVP. An example of this defect 
is shown in Figure 4.6. Thirst was entirely absent in this 
patient when he was hypernatraemic (and hence 
hyperosmolal), but he retained normal osmotic control 
over plasma AVP release and normal renal responsiveness 
to AVP. He had undergone hypothalamic surgery for 
severe behavioural disturbance and his plasma sodium 
was found to be consistently above 150 mmol/L. without 
any experience of thirst. 

In type 2 hypodipsic hypernatraemia the plasma AVP 
response is similar to that seen in patients with severe 
CDI, with a substantial loss of incremental gain of plasma 
AVP as plasma osmolality rises. Unlike the situation in 
CDI, however, the osmotic thirst response is severely 
blunted. This group of patients 1s of interest as the renal 
responsiveness 10 AVP is often considerably enhanced 
and patients are thus not polyuric., Urine concentration 
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Fig. 4.6 Osmoregulation in a patent with type ! hypodipsic 
hypernatraemic syndrome. (A) Normal osmoric control of AVP release, 
(B) Normal renal response to AVP as demonstrated by the relationship 
between unne osmolality and urine AVP excretion rate expressed in 
terms of osmolal clearance (C,..). Hatched areas represent limits of 
normal response, 


may approach the maximum when hypernatracmia 1s 
severe and patients retain the ability to dilute urine. 

In type 3, plasma AVP is unresponsive to changes 
in plasma osmolality but is fixed at a low level. Osmotic 
thirst is entirely absent. Patients are therefore at risk 
of developing either hypernatraemia or hyponatraemia, 
depending on the prevailing fluid intake. 

Type 4 hypodipsic hypernatraemia represents true 
resetting of the osmostat for both plasma AVP response 
and thirst: the incremental gain for both remains normal 
and patients can concentrate and dilute urine normally, 
but around a higher setting of plasma sodium and hence 
plasma osmolality, Severe hypernatraemia is not a feature 
as dehydration does result in thirst. Thus hypodipsia in 
these patents is only relative to the degree of thirst seen 
in normal subjects with corresponding degrees of hyper- 
natraemia: the full range of thirst appreciation is thus 
maintained, 

Management of hypernatraemia Hypernatraemia 
in the incapacitated patient 1s invariably due to water de- 
pletion and should be corrected. Care should be exercised 
in the rate of correcting severe hypernatraemia whose 
duration is greater than 48 hours (see Recommended 
management of chronic dilutional hyponatraemia, p. 48). 
Oral hydration with plain water is the simplest regimen 
[for estimate of deficiency see Appendix 1(c)}, but if oral 
or enteral fluids cannot be given then hypotonic sodium 
or isotomic glucose solutions should be infused., It 1s rec- 
ommended that plasma sodium is corrected at a rate of 
no greater than 12 mmol/1/24h: once corrected, any 
underlying polyuria should then be investigated as out- 
lined in the previous section, À conscious patient with 
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hypernatraemia, but without expressed thirst, is by defini- 
tion suffering from one or other form of hypodipsic 
hypernatraemic syndrome. Although it is possible to 
differentiate pure adipsia (type 1) from other types of the 
syndrome by the use of tests of water deprivation and 
water loading (see Appendix 2), in practice the diagnosis 
can only be confirmed by the study of AVP secretion and 
thirst in response to hypertonic saline infusion. 

Management of hypodipsic hypernatraemna syndromes 
The treatment of hypodipsic hypernatraemic syndromes 
varies considerably with type. Type 1 in which AVP re- 
lease is normal but thirst is absent and type 2 with a 
reduced pituitary release of AVP, enhanced renal response 
to AVP and blunted thirst response, both require a fluid 
intake of greater than 2 L/day. Concentration of the urine 
should be avoided and at least one dilute urine should be 
passed each day to prevent hypernatraemia. Type 3 poses 
the greatest problem of management as fluid output and 
urine concentration cannot be used by the patient to 
gauge fluid balance. À standard fluid intake is required 
and body weight needs to be accurately monitored each 
day and matched to intake. Frequent plasma monitoring 
is required to avoid the progressive development of hyper- 
or hyponatraemia. Type 4 requires no specific treatment 
as alterations in fluid regimens will simply be handled in 
a physiologically normal way except at a new osmotic 
setting. 


Hyponatraemia 


Hyponatraemia (plasma sodium concentration less than 
130 mmol/L) is common in hospital inpatients, with a 
prevalence of 2-3%. The lower reference limit for plasma 
sodium is reduced by approximately 5 mmol/L in hospi- 
talized patients as opposed to healthy controls. The ma- 
jority of cases of hyponatraemia are mild, self-limiting and 
require neither treatment nor extensive investigation. 

By definition, hyponatraemia implies an excess of water 
in comparison with sodium, although primary water 
excess is not always responsible for hyponatraemia. 
However, this section 1s primarily concerned with states of 
water excess and with acute and chronic dilutional hypo- 
natraemia: dilutional hyponatraemia is also defined as 
hyponatraemia with clinically normal ECF volume or 
normovolaemic hyponatraemia. The full classification of 
hyponatraemia is shown in Table 4,12. 

Spurious hyponatraemia is due to 1n vivo Or in vitro 
contamination of the specimen with water or fluid con- 
taining sodium at a concentration which is less than that 
of plasma, The commonest example seen in hospital prac- 
tice is venesection from a limb concurrently receiving a 
dextrose infusion. 

Pseudohyponatraemia is due to the replacement of a 
portion of the plasma water space with either lipid or pro- 
tein., This can occur in patients with severe endogenous or 
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exogenous hypertriglyceridaemia and in patients with high 
protein concentrations (usually due to paraproteinaemia). 
The concentration of sodium within plasma water is 
normal, but each litre of plasma now contains less water. 
Plasma osmolality (molal concentration) is normal. 

Patients with hypovolaemic or hypervolaemic hyponat- 
raemia present with signs of ECF volume depletion or 
excess. These conditions are discussed under disorders 
of sodium metabolism; they are usually differentiated 
clinically from dilutional hyponatraemias and also by the 
presence of biochemical evidence of the underlying cause, 
e.g. renal or hepatic dysfunction. 





Th 4.7 Schematic 





Although acute and chronic hyponatraemia may share 
certain common causes and the definition is somewhat 
arbitrary (acute hyponatraemia is of less than 48 hours’ 
duration) these conditions present and are managed in 
quite separate ways. This is because of the adaptation 
of cells, in particular brain cells, to chronic hypotonicity. 
The nature of this adaptation is summarized in Figure 4.7. 


Acute dilutional hyponatraemia 

The main causes of acute dilutional hyponatraemia are 
shown in Table 4.13. Self-inflicted acute hyponatraemia 
has been described but is extremely difficult to induce due 
to the enormous human capacity for renal water excretion 
- urine flow rates of 27.5 mL/min (equivalent to 39,6 litres 
of urine in 24 hours) have been described, One unusual 
cause of hyponatraemia requiring special mention is beer 
potomania, This condition is caused by the consumption 
of large volumes of salt-poor beer (such as certain conti- 
nental beers) together with a very poor dietary intake 
of protein and other minerals, although calorie intake is 
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more than adequate. The daily osmolal load for excretion 
may thus be very low indeed (< 250 mmol). If the mini- 
mum achievable urine osmolality is 50 mmol/kg, then 
allowing for insensible loss a consumption in excess of 
6 L of such beer will result in water retention, owing to 
the inability to generate sufficient free water for excretion. 
Binges may result in acute hyponatraemia, but less exces- 
sive but sustained intakes will result in chronic hyponat- 
racemia. The condition is unusual in the UK, probably 
because of the higher salt content of beer and the avail- 
ability of bar snacks rich in sodium chloride, The condi- 
uon may coexist with electrolyte changes secondary to 
alcoholic liver disease. 

Psychogenic polydipsia (and the much rarer hypo- 
thalamic polydipsia) may result in acute hyponatraemia. 
However, the commonest cause of acute dilutional hypo- 
natraermia seen in hospitalized patients is inappropriate 
postoperative fluid regimens involving the intravenous 
infusion of excessive volumes of low-sodium fluid (e.g. 
‘dextrose saline”). The acute hyponatraemia following 
transurethral prostatectomy (TURP), known as the trans- 
urethral prostatectomy syndrome (TURS), is also worthy 
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of specific mention as it is the most serious acute hypo- 
natraemia likely to present at the current time. In the 
development of TURS, irrigant fluid (1.5% glycine) is 
absorbed into the circulation via the open venous sinuses 
of the prostatic bed: glycine is used as it provides a non- 
electrolytic medium which will not dissipate the energy of 
cautery used in the resecnion; the slightly hypotonic con- 
centration provides an ideal optical interface. Risk factors 
for the development of the syndrome include a prolonged 
operative procedure, high irrigant hydrostatic pressure 
and significant blood loss, Once absorbed, the fluid will 
reduce plasma sodium by simple dilution, but osmolality 
will not initially be reduced by an equivalent extent. 
An osmolal gap [see Appendix 1(e) and (f)] will initially 
develop as a result of high plasma glycine concentra- 
tions (up to 15 mmol/L), but unless the resultant free 
water is subsequently excreted then the osmolal gap 
will disappear as the glycine is metabolhzed. High plasma 
concentrations of both glycine and ammonia, which 
may result from the rapid metabolism of glycine have 
been proposed to be contributory to the severe dete- 
rioration in mental state that occurs in fullblown TURS. 
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However, patients with hypo-osmolal hyponatraemia 
respond rapidly to measures designed to treat acute water 
INTOXICATION. 

Acute hyponatraemia of sufficient severity to present 
clinically, with symptoms of headache, confusion and 
drowsiness, is a médical emergency as the condition may 
lead to coma and death. Progressive clinical symptroms 
may be associated with signs of raised intracranial pres- 
sure, decerebrate posturing, fixed dilated pupils, brady- 
cardia, hypertension and convulsions. All cells swell in 
size when placed in hypotonic medium: the change in size 
is particularly important with respect to brain cells con- 
fined within the fixed volume of the cranium (Fig. 4.7). In 
acute hyponatraemia adaptation of brain cell size cannot 
occur quickly enough to prevent the effects of cellular 
swelling and subsequent tentorial herniation with dra- 
matic clinical sequelae. Females of reproductive age 
appear to be particularly prone to the effects of acute 
hyponatraëermia. 


Chronic dilunonal hyvponatraenta 


Chronic dilutional hyponatraemia is common and has 
many possible causes (Table 4.14). The majority of the 
causes (excluding chronic hyponatraemia associated with 
beer potomania) can be related to a failure of water 
excretion presumed to be due to a failure ro suppress AVP 
secreuion. lhere 1s good evidence that certain tumours 
(e.g., small cell (oat cell) carcinoma of the bronchus] 
possess the capacity to synthesize and secrete AVP, but 
in the majority of cases the origin of the AVP is presumed 
to be the hypothalamic — posterior pituitary axis. 

Patterns of plasma AVP response to increasing plasma 
sodium concentration induced by hypertonic saline infu- 
sion have been studied in chronic hyponatraemia. Four 
patterns of response have been described as shown in 
Figure 4.8. 


1. In type À there is no relationship between plasma 
AVP concentration and plasma sodium (osmolality); AVP 
is released either at fixed concentration or shows random 
variation. This pattern is often seen in association with 
ectopic production of AVP by tumours. 

2. In type B there is a normal response of AVP release 
to osmotic stimulation but it occurs at a much lower 
setting — a resetting of the osmostat. Theoretically this 
condition could result from the adaptive response to 
chronic hyponatraemia as the osmotic content of brain 
cells falls. This condition has been described in associa- 
tion with tumours and various neurological disorders. 

3. In type C there is a constant low level release 
of AVP even when osmolality is suppressed below the 
normal threshold, but a qualitatively and quantitatively 
normal response above the threshold, 

4, In type D there are suitably suppressed AVP levels 
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Fig. 48 The four patterns of plasma AVP responses 10 changes im 

plasma osmolality induced by hypertonic sahine infusion in patients 

with chronic dilutional hyponatraemia. (A) Random variation. 

(B) Reserring of osmostat. (C) Constant low-level release, 

(D} Hypovasopressinaemic antidiuresis. Shaded areas represent the 

inter-subject vanation limits of normal response. The dotted line 

represents the limit of detection of current AVP assays, Adapted from 

Zerbe R L, Srropes L, Roberison G L. Vasopressin funetion in the 

syndrome of inappropnate antidiuresis. Annual Review of Medicine 

1980; 31: 3515-27. 


when the patient is hypo-osmolal suggesting either that 
immunologically distinct antidiuretic material is being 
secreted or that the renal rubules are somehow rendered 
more sensitive to extremely low levels of circulating AVP, 


Although this classification of AVP responses in 
Chronic dilutional hyponatraemia assists pathophysiologi- 
cal understanding, no reliable relationship has been found 
between the aetiology of the condition and any one 
pattern of response. The measurement of AVP in chronic 
dilutional hyponatraemia has no current diagnostic or 
prognostic function. 

The syndrome of inappropriate antidiuretic 
hormone secretion (SIADH) The term SIADH was 
first coined by Bartter and Schwartz in 1967 to describe 
patients with severe hyponatraemia who were without evi- 
dence of renal failure, adrenal failure or saline depletion 
but who had indirect evidence of persistent AVP secre- 
tion. The criteria as originally defined for diagnosing the 
syndrome are shown in Table 4.15. Before this descrip- 
tion such patients were often misclassified as suffering 
from renal salt wasting because of the associated hyponat- 
raemia and natriuresis. The original description thus pro- 
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vided a useful explanation of the biochemical findings and 
led to more rational therapeutic regimens,. 

Unfortunately, the term SIADH has an almost 
universal application to any acute or chronic dilutional 
hyponatraemia. Apart from certain causes of acute water 
intoxication and rare forms of chronic hyponatraemia, 
plasma AVP is detectable in the vast majority of patients 
with hyponatraemia of whatever cause. In addition, the 
criteria for diagnosis may produce anomalies — for exam- 
ple, chronic dilutional hyponatraemia with reset osmostat 
(Fig. 4.8, type B) could fit the criteria when plasma osmo- 
lality is above the new threshold for AVP release but fail to 
comply when plasma osmolality falls below this threshold 
when maximally dilute urine is excreted, The term 
SIADH implies physiological understanding when often 
very little exists and is a diagnosis which does not indicate 
immediate management or prognosis. SIADH is a term 
which should now be replaced with more descriptive 
terminology, e.g. chronic dilutional hyponatraemia sec- 
ondary to small cell carcinoma of the lung. 

Sick cell syndrome The association of sick cells and 
hyponatraemia was first explored by Flear and Singh in 
1973 and was an attempt to explore critically the assump- 
tion of common pathophysiology of the vast number of 
conditions grouped under SIADH, as well as to explain 
the hyponatraemia of seriously 1ll patients with conditions 
such as CCF, cirrhosis or serious pulmonary or CNS in- 
fecrions. One hypothesis was that sick cells leak normally 
non-diffusible solutes but gain sodium, leading to extra- 
cellular hyponatraemia but maintenance of plasma osmo- 
lality. This combination of events may be observed in 
extremely ill patients after major surgery or burns but has 
not been detected in the vast majority of patients with 
Chronic hyponatraemia. However, a type of sick cell syn- 
drome that 1s relevant to the development of chronic 
hyponatraemia is that resulting from a primary overall 
reducuion in cellular osmotic content, through either 
increased loss or reduced production. Osmoreceptor cells 
so affected would result in control of AVP around a lower 
osmotic setting — a reset osmostat (rype B). In practice, 
however, it is difficult to distinguish between a primary 
loss of cellular osmotic content (sick cells) or a secondary 
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adaptive loss in response to a primary chronic dilutional 
hyponatraemia. Like SIADHI, the term sick cell syndrome 
should now be replaced by descriptive terminology, €.g. 
chronic dilutional hyponatraemia secondary to chest 
infection. 


Laboratory investiganion of hyponatraemia 

Hyponatraemia is by definition a laboratory diagnosis, but 
the differentiation of hypovolaemic and hypervolaemic 
hyponatraemia is largely clinical, as is the differentiation 
between acute and chronic dilutional hyponatraemia. 

Acute dilutional hyponatraemia may constitute a medi- 
cal emergency and its laboratory investigation is often 
summary. The diagnosis is by clinical history of acute 
water loading without evidence of corresponding diuresis 
and rapid deterioration in mental state, possibly coupled 
with signs of cerebral oedemma. It is most important to 
confirm the plasma sodium measurement, preferably 
with a fresh sample, ensuring that contamination of the 
specimen is avoided. The most important additional 
laboratory investigation is the measurement of plasma 
osmolality, which will validate the plasma sodium meas- 
urement or indicate the extent of any osmolal gap. Meas- 
urement of urine osmolality, even if a sample is available, 
is superfluous. 

The laboratory investigation of chronic dilutional hypo- 
natraemia is predominantly to confirm the water-retaining 
state that has produced the condition and to exclude cor- 
rectable metabolic causes. The plasma electrolyte pattern 
in chronic dilutional hyponatraemia will show normo- 
kalaemia but a hypochloraemia of corresponding degree 
to the hyponatraemia. The plasma urea is often low and 
is reduced not only by dilution but because of reduced 
tubular reabsorption. Plasma urate concentration may 
also be low because of changes in rubular function, but 
this is not invariable and renal handling of urate may be 
directly affected by the cause of the hyponatraemia, e.g. a 
thiazide diuretic. 

Urine measurements may be of confirmatory help in 
chronic dilutional hyponatraemia, but can be misleading. 
The urine is inappropriately concentrated, that is, it is 
anything other than maximally dilute. There is wide- 
spread belief that urine osmolality must exceed plasma 
osmolality for the diagnosis of a water-retaining state, 
but this is not the case. The concentration of urine is de- 
pendent on both water and osmolal content. An anorexic 
patient may have a total osmolal load of only 400 mmol/ 
24 h to excrete, but if fluid intake is sufflicient to produce 
2 L of urine then the overall urine concentration at bal- 
ance is 200 mmol/kg. À urine concentration of 220 mmol/ 
kg would produce a positive water balance even though 
the urine is hype-csmolal to plasma. 

One of the remarkable features of chronic dilutional 
hyponatraemia, especially when it is clearly demonstrated 
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that plasma AVP concentrations are grossly elevared, 1s 
that patients do not form maximally concentrated urine. 
Patents with chronic dilutional hyponatraemia reach 
new steady states and then remain in sodium and water 
balance, Sudden increases or decreases in fluid intake 
may upset the steady state until a new one is reached. The 
méchatusm of adaptation is not understood but there 1s 
some evidence that the renal collecting tubules become 
resistant to AVP and that the concentration gradient in 
the renal medulla is reduced. 

The urine sodium concentration may also be of 
diagnostic importance to differentiate hypovolaemic hypo- 
natraermia if chimcal signs are absent or misleading, but 
only 1f the sodium deficit is not renal in origin. Again 
some care is necded as chronic dilutional hyponsatraemia 
will classically present with a natriuresis, which can be 
defined essentially as anything other than maximal s0- 
dium retention, Often when the patient is on frec fluids 
the narmuresis is very marked, with a urine sodium con- 
centration exceeding 100 mmol/L. But as a new sresdy 
state is approached, urine sodium concentration falls and 
when fluid intake and sodium intake are restricted urine 
sodium may fall to very low levels {< 10 mmol/L}; this 
then indicates the total body sodium deficit that has 
developed secondanly to the natriuresis imduced by initial 
posinve water balance. 

Other laboratory investigations recommended when 
the cause of the water-retaining state is not clear include 
thyroid funcnon tests and 4 short Synacthen test. There is 
a recognized but variable association of chronic hyponat- 
raermua with hypothyroidism and occasionally patients with 
prunary or secondary adrenal failure present with nothing 
more specific than chronic dilutional hyponatraemia, 

As previously stated, measurements of plasma AVP 
concentration are not normally of any assistance in the 
diagnosis of chronic dilutional hyponatraemia, An indirect 
assessment of water handling using à water load test is not 
normally recommended for primary diagnosis, but may 
be of some value in management when information is 
required as to whether the watér-retaiming state persists 
(see Appendix 2(c)]. However, this test is potentially 
dangerous and must be conducted with great care. 


Management of kyponatraenna 


The management of hypovolaemic hyponatraemia 1s 
primanly to restore blood volume and ECF volume to 
normal and to correct the underlving disorder, The man- 
agement of hypervolaemic hyponatraemia is primanly to 
treat the underlying disorder and to use diuretic therapy 
when appropriate. Management of both these conditions 
is covered within the sections on sodium deficit and 
CXCCSS. 

The management of dilutional hyponatraemia has 
created a considerable body of controversy in recent vears. 


This has its origins in the morbidiry and mortality of 
uncorrected severe diluuonal hyponatraemia (plasma s0- 
um 115 mmol/L or less}, whether it is açute or chronic 
in nature, In the USA a regimen of partial correction of 
hyponatraemia was adopted, which resulted in patients’ 
plasma sodium concentrations being increased ramdily 
to around 125 mmol/L. The rate of increase was usually 
in excess of 0,5 mmol sodium/L/h and often several-fold 
greater. Unfortunately this regimen has become increas- 
ingly associated with the development of an obscure 
neurological disorder known variously as central pontine 
mvyelinolvsis (CPM)}, pontine and extrapontine myelinoly- 
sis or osmotic demyeélinarion syndrome, The usual course 
of events in such cases is that the patient presents clini- 
cally with hyponatraemic symptioms, which can be either 
muld, such as weakness and confusion, or severe, such as 
convulsions or coma, During correction these symptoms 
improve but in the following few days the patient's 
neurological condition deteriorates and further symptoms 
develop, including hehavioural disturbances and convul- 
sons, and these in turn may lead onto the fullblown 
condition ©f CPM, including pseudobulbar palsy and 
quadriparesis. Further confusion as to the ongin of the 
condition has been a continued but unsubstantiated 
association in the literature of CPM with nncorrected 
hyponatraenmia. 

Recommended management of  symptomatic 
acute dilutional hyponatraemia The biggest danger 
in this condition is failure to treat promptly. Water restric- 
ion has a supportive role but must not be used alone. 
Cerebral oedema is the major complication and acute 
clevation of plasma sodium using 5% sodium chloride im- 
fusion to produce a maximum increase of 12 mmol/1/24 h 
or à plasma sodium level cf approximately 125 mmol/L 
(whichever is the lesser) is recommended. If an osmolal 
gap exists then the infusion should increase plasma osmo- 
lality to no greater than 255 mmol/kg. À formula to calcu- 
late the amount of sodium required 1s given in Appendix 
1{d). Short-term rates of infusion resulting in an mérease 
of plasma sodium up to 5 mmolL/h have, in acutely 
symptomatic pauents, béen successfully used with dra- 
matic clinical improvement and with no long-term 
scquelac, À simple general rule for patients falling within 
the definition of acute hyponatrasmia and who are symp- 
tomatic is to match the rate of correction with the 
presumed rate of onset. Diuretics such as frusemide and 
mannmitol may be of benefit but lack the precison of 
control afforded by hypertomic saline infusion. 

Recommended management of chronic dilutional 
hyponatraemia The cornerstones of management in 
chronic dilutional hyponatraemia are to prevent further 
falls in plasma sodium concentration, Lo treat any under- 
ing condition, to alleviate any symptoms attributable to 
hyponatraemia and 10 avoid any therapeutic complica- 
tions, Many patients who are in a steady state with mild 


hyponatraemia require no specific treatment. For those 
at risk of further falls in plasma sodium, water should be 
restricted to a degree sufficient to induce negative water 
balance (usually 500-800 mL, of water per 24h). Water 
restriction will increase plasma sodium in anyone, but the 
rate of increase may be very slow and if any degree of 
sodium depletion exists an increase in plasma sodium will 
only be achieved at the expense of a contraction in ECF 
volume and a deterioration in renal function. Certain 
patients cannot tolerate fluid restriction and for these the 
tetracycline antibiotic demeclocycline (DMC) can be 
prescribed up to 300 mg q.d.s. This drug induces a form 
of NDI, but some caution is required in its use as the 
delay in onset of action can be many days and its action 
may pérsist several days after cessation of treatment. Im- 
paired hepatic function may result in high plasma DMC 
concentrations, which are nephrotoxic. If severe NDI is 
induced using DMC then any associated water restriction 
should be immediately reviewed. Lithium treatment has 
also been used in the past as it can also induce a form 
of ND, bur it is less effective and more prone to cause 
side-effects than DMC. 

In rare instances in which severe chronic hyponatrae- 
mia produces neurological symptoms it may be consid- 
ered prudent to raise the plasma sodium concentration 
acutely with hypertonic saline. If this is considered, 
the rate of infusion should be most carefully controlled 
with frequent monitoring of plasma sodium. As in the 
management of acute hyponatraemia it is recommended 
that plasma sodium is raised to a level no greater than 
125 mmol/L, by this method. In thus instance, however, 
the rate of infusion should produce a change in plasma 
sodium of no greater than 0.5 mmol/L/h to minimize the 
risk of the development of CPM: chis is in contrast to the 
treatment of acute symptomatic hyponatraemia, in which 
the recommended 24 h rate and maximum level are the 
same, but the maximum rate for short periods may be 
much more rapid - up to 5 mmol/L/h. 

Occasionally the situation arises in which patients have 
developed chronic dilutional hyponatraemia and respond 
to water restriction, but it is then not clear whether the 
underlying cause of the state of water retention persists. It 
may be desired to discharge the patient from hospital and 
knowledge of renal handling of water is required. In this 
situation a water loading test may be of value (see Appen- 
dix 2(c)). Failure adequately to excrete a water load under 
standard conditions is a useful indicator for the continued 
need for treatment and follow-up. 


DISORDERS OF POTASSIUM METABOLISM 


Potassium is predominantiy an intracellular cation, but 
disorders of potassium metabolism are generally identified 
by measurements of extracellular potassium. Dramatic 
changes in plasma potassium may occur as a result of 
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transcellular shifts without necessarily any alteration of 
total body potassium. Clinical disorders are therefore 
classified on the basis of plasma potassium concentration, 
rather than of potassium depletion or excess. 


Hypokalaemia 
Climcal signs and presentation 


The immediate clinical effects of hypokalaemia are on 
neuronal and muscular function; they result from an in- 
crease in the ratio of the intracellular to extracellular 
potassium concentrations. In addition, hypokalaemia, 
when associated with severe potassium depletion, affects 
the function of a wide variety of organ systems, Table 
4.16 lists possible clinical effects of hypokalaemia in 
particular organ systems. 


Causes of hypokalaemua 


Hypokalaemia can be caused by redistribution of potas- 
sium (in vitro or in vivo), inadequate intake and excessive 
loss (renal or extrarenal). 

Redistribution hypokalaemia in vitro This form 
of hypokalaemia, sometimes known as spurious hypoka- 
laemia, has been described in association with two clinical 
situations (Table 4.17), First, it may occur in patients 
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with leukaermia and very high white blood cell (WBC) 
counts; 1f the blood 1s taken and allowed to stand at room 
temperature the WBCs take up extracellular potassium. 
The second situation in which this phenomenon may 
occur is 1f blood is taken from a diabetic patient who re- 
ceived intravenous insulin a few minutes prior to venesec- 
uon, eérythrocytes take up extracellular potassium and if 
blood is subsequently left to stand at room temperature 
for 2 hours or so prior to analysis, plasma potassium will 
decrease. 

Redistribution hypokalaemuia in vivo ‘The major 
causes of transcellular shift of potassium occurring in vivo 
are also shown in Table 4.17. Both alkalosis and increased 
plasma bicarbonate concentration without alkalosis will 
induce increased cellular uptake of potassium, as does 
endogenous or exogenous insulin. Catecholamines and 
B-adrenergic agonists such as adrenaline, salbutamol and 
fenoterol can all promote cellular uptake of potassium 
and many patients admitted as acute medical emergencies 
may have significant but transient hypokalaemia, probably 
secondary to endogenous catécholamine release, Toxic 
chemicals such as toluene (involved in some forrns of glue 
sniffing) and the ingestion of soluble barium salts (such as 
barium carbonate, which is used in certain pottery glazes 
but has occasionally been mistaken for flour in cooking) 
have been implicated in redistribution hypokalaemia. It 
should be noted that barium salts used as contrast mate- 
rial for radiological investigations are not water-soluble 
and do not pose a risk of toxicity. 

Hypokalaemic periodic paralysis This type of 
periodic paralysis occurs in two forms. Familial hypoka- 
laemic periodic paralysis (FHPP) is a rare autosomal 
dominant condition found most commonly in male 
Caucasians (male to female ratio 3:1 because of reduced 
penetrance and expression in females). The condition is 
characterized by attacks of flaccid paralysis affecning the 
limbs and trunk but rarely the facial and respiratory mus- 
cles; attacks commonly commence at night and patients 
present with weakness or paralysis on awakening. Attacks 
can last for up to 48 hours and other acute manifestations 
of hypokalaemia such as cardiac arrhythmias may also 
be present. Spontanecous remission occurs with the re- 





establishment of normokalaemia. The attacks can begin in 
childhood, but often the onset may be delayed until the 
second decade of life. Periodicity of attacks is extremely 
variable between patients, with daily to vearly intervals 
(median 4-6 weeks). The attacks may be provoked by 
exercise followed by rest, a high carbohydrate intake, a 
glucose and insulin infusion, high sodium intake, adrena- 
line, glucagon administration and by hypothermia. The 
total body potassium is unchanged during the attack, 
but potassium moves rapidly from the extracellular space 
into muscle. The precise cause for this is unknown, 
although a potassium influx independent of the Na‘, K'- 
ATPase has been described. 

The management of FHPP is similar to that of any 
other hypokalaemia (see later), with either oral potassium 
supplements (up to 120 mmol/day) or, if necessary, intra- 
venous administration — particular care must be taken to 
avoid infusion of solutions containing glucose. Monitoring 
of plasma potassium is important following the attack to 
ensure rebound hyperkalaemia does not occur. Prophy- 
laxis against attacks includes a low-carbohydrate diet 
together with oral potassium supplements and the daily 
administration of spironolactone (100-200 mg), but 
probably most effective is the daily administration of 
acetazolamide (250-750 mg). 

Hypokalaemic periodic paralysis with thyrotoxicosis 
CTHPP) is a condition which occurs primarily in individu- 
als of Chinese or Japanese extraction, but has been de- 
scribed in other races, including Caucasians and Blacks. 
The male preponderance is even more marked than in 
FHPP (20:1) and the age of onset is later and generally 
in the third decade, Although a family history of the 
condition is rare there is a described association of THPP 
with HLA-DRwS. 

The clinical presentation of THPP is indistinguishable 
from the familial form, but the mechanism of muscle up- 
take of potassium appears to be fundamentally different, 
with an increase in the number of sodium-potassium 
pumps. Emergency treatment is the same as for FHPP, 
but prophylaxis is quite different as acetazolamide must 
be avoided. The condinion completely remits when the 
patient becomes euthyroid, but during establishment of 
thyroiïd control propranolol may be used as a prophylaxis 
against attacks. 

Extrarenal causes of potassium depletion (Table 
4.18) The development of hypokalaemia is rare when 
inadequate intake of potassium is the only cause. Renal 
conservation can reduce urine potassium in normal sub- 
jects to less than 5 mmol/L,, so that without severe poly- 
uria a considérable lead-in period is necessary before 
clinically apparent hypokalaemia develops. Anorexia ner- 
vosa may, because of associated vomiting, speed the onset 
of clinically significant deficiency (see Effects of vomiting, 
p. 52). One interesting cause of hypokalaemia described 
occasionally occurs when patients with severe anaemia are 
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treated with haematinics, resulting in a considerable and 
rapid increase in reticulocyte count; it has been speculated 
that in certain patients the degree of hypokalaemia that 
develops may induce cardiovascular death. 

Excessive sweating is a potential cause of hypokalae- 
mia. Sweat has relatively low potassium concentration, 
normally less than 10 mmol/L, but subjects who undergo 
severe physical exertion in hot climates, or who exercise 
vigorously in saunas, can lose considerable volumes of 
sweat (up to 12 L in a day}. Subjects undergoing such 
ordeals may be aware of the potential for severe sodium 
depletion without necessarily compensating for the 
associated potassium depletion. 

The commonest causes of extrarenal potassium deple- 
tion are those involving loss of gastrointestinal fluid rich 
in potassium, in particular diarrhoea. Stoo!l water is rich 
in potassium with concentrations of up to 90 mmol/L, 
although the normal daily volume of water lost by this 
route results in stool potassium losses of less than 
10 mmol/24 h, Diarrhoea of whatever cause results in an 
increase in stool weight and fluid content, so that severe 
diarrhoea may lead to stool volumes up to 2 L per day. 
Although potassium concentration in stool water tends to 
decrease as the volume increases, there is a limited colonic 
capacity for sodium/potassium exchange and the daily 
losses of potassium in severe diarrhoea may exceed 
100 mmol/day, As the stool water contains significant 
concentrations of bicarbonate, diarrhoea is often accom- 
panied by a metabolic acidosis with hyperchloraemia. Thus 
common causes of diarrhoea, such as bacterial causes, in- 
flammatory bowel disease and diarrhoea associated with 
malabsorption syndromes, as well as less common causes, 
such as the watery diarrhoea-hypokalaemia-achlorhydria 
(WDHA) syndrome — due to a pancreatic adenoma se- 
creting vasoactive intestinal peptide (VIPoma) — are typi- 
cally associated with a metabolic acidosis. Certain causes 
of diarrhoea, however, such as chloride-losing diarrhoea, 
Zollinger-Ellison syndrome (gastrinoma) and laxative 
abuse, are associated with à metabolic alkalosis. Strictly 
these conditions are hypokalaemic because of associated 
renal potassium loss, Villous adenoma of the rectum re- 
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sults in che loss of large volumes of mucus often rich in 
sodium, potassium and chloride, The acid-base associa- 
tion can therefore be variable depending on predominant 
losses and replacement. 

Potassium may be lost from the gastrointestinal tract 
as a result of the use of cation exchange resins such 
as sodium polystyrene sulphonate (Resonium A). This 
material is primarily used to treat climically important 
hyperkalaemia. Geophagia (soil eating) can under certain 
circumstances result in the development of hypokalaemia, 
as clay in the soil may bind potassium in the gut which 
then passes into the stool and is lost from the body. 

Renal causes of potassium depletion (Table 4.19) 
The classification of renal potassium depletion is presented 
based on the associated acid-base disorder. 

Renal hyvpokalaemic acidesis The causes of renal hypo- 
kalaemic acidosis are summarized in Table 4.19. Acidosis, 
with renal potassium loss, hypokalaemia and hyper- 
chloraemia, is found in renal tubular acidosis (RTA) of 
the distal (type 1) and proximal (type IT) varieties, as 
well as RTA induced by the carbonic anhydrase inhibitor 
acetazolamide. 
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The need for urinary diversion from the bladder, as 
may occur following severely impaired capacity due to 
Hbrosis or following cystectomy for carcinoma, presents 
the urological surgeon with four options. 


l. Bninging the ureters to the skin surface (cutancous 
ureterostomy) 15 rarely performed except temporarily in 
children: the operanon will usually result in two stomata - 
if both kidneys are funcrioning — which are incontinent 
and require an external reservoir for collection. In addi- 
tion, there is a fréquent complication of obstruction dué 
to stricture. 

2. Transplantation of the ureters into the intact sig- 
moid colon (ureterosigmoidostomy]} was the original di- 
version operation involving the gastroimtestinal tract and 
is occasionally performed when medical or religious objec- 
ons preclude the fashioning of an alternative exit: the 
urine is passed with faeces via the rectum and anus. 
Potentually there are significant metabolic complications 
to ureterosigmodostomy {see below). 

3. The commoncest divergons now performed are 
those utilizing an isolated segment of bowel which forms a 
conduit leading to the skin surface and requires a stoma 
bag or a constructed bladder fashionéd to contain a valve 
to Maintain continence, 

4. Finally, 1f enough of the bladder is salvageable, then 
the wall may be augmented with opened segments of 
bowel (augmentation cystoplasty). 


lo understand the potential metabohc complicanons 
of potassium and other electrolvtes that might anse from 
such procedures it 1s necessary to know in some detail 
how the bowel normally handles the absorption of fluid 
and electrolvtes, The jejunum normally rapidlé absorbs 
fluid and electrolvtes, but the celectrolyte components 
including potassium will be absorbed only if there is a 
favourable concentration gradient, if the gradient 1s re- 
versed then secretion of electrolytes into the lumen can 
occur. In the normal ileum, acuve sodium absorpuion 
occurs by sodium and chloride co-transport, which 15 
coupled to bicarbonate excretion: potassium transport is 
passive. In the normal colon there is a mixture of electro- 
genic sodium absorption with passive chloride absorpuon, 
together with sodium and chloride co-transport coupled 
to bicarbonate excretion, as occurs in the ileum., However, 
potassium is actively secreted into the lumen until the 
concentration risés to approximately 20-30 mmol/L. 

As may be predicted, once bowel wall is exposed to 
urine the prevalence of metabolic complications due to 
electrolvte redistribution will be based on the exposed sur- 
face area of bowel, the duration of contact and the type 
of bowel wall exposed. The diet and fluid intake will alter 
the unnary constituents and their concentrations, which 
can influence passive transport and concentration-limited 
active secretion, Any associated renal disease may have 
a direct metabolic effect. Thus predicrions in individual 


patients may be difficult, but in general ureterosigmoidos- 
tomies give the greatest complicanon rate overall with 
lower rates for the other techniques, Diversions involving 
the sigmoid colon result in loss of bicarbonate and may 
result in loss of potassium depending on the urine concen- 
tration of potassium entering the colon, Thus there ts the 
potential] for the development of sigruficant hyperchlorac- 
mic acidosis with hypokalaemia. 

Diversions involving iléal segments usually have low 
comphcation rates and, although hyperchloraemic acido- 
ais may occur, hypokalaemia is rare. Diversions using 
jejunal segments are mentioned here for completeness, 
but the potential effect on potassium is quite different. 
Complications include sodium, chloride and bicarbonate 
depletion, with hyperkalaemia, For that reason, jejunal 
segments are rarely used for urinary diversion. 

D'iabetic ketoacidosis 15 associated with severe potas- 
sium depletion but patients are usually hyperkalaemic or 
normokalaemic at presentation; if hypokalaemia is present 
this is associated with extreme porassium depletion. 

Renal hvpokalaemic alhkalosis Potassium depleétion with 
hypokalaemia and metabolic alkalosis can be further 
classified into normotensive and hypertensive conditions, 

The causes of renal hypokalaemic alkslosis with 
normotension are summarized in Table 4.19. Loss of 
gastric fluid through prolonged vomiting, or drainage of 
fluid via nasogastric aspiration, results in hypochloraemic 
alkalosis with renal excrenon of bicarbonate and potas- 
sum. The associated chionde depletion results in en- 
hanced potassium secretion by che distal tubule (see also 
Non-respiratory alkslosis in Ch. 5). 

Duretics which act primarily on the thick ascending 
bb of the loop of Henle {frusemide, ethacryvnic acid) 
or on the distal collecting duct (thiazides, chlorthalidone) 
can result in chloride deplenion, which can further en- 
hance the direct diuretic-induced urinary potassium loss. 
Laxative abuse is often associated wich metabolic slkalosis 
and renal chloride wasting; it may also be associated with 
simultancous but unrecognized diuretic abuse or with 
self-induced vomiting, 

Congenital chloride-losing diarrhoea is a rare condition 
in which ileal chloride absorprion is defective. Patients 
present within the first decade of life with watery diar- 
thoea and metabolic alkalosis. The diagnosis is made from 
the association of hypochloraemia (plasma chloride usually 
< 90mmol/L}. alkalosis, low urine chloride concentration 
(< 20 mmelL.) but a high stool water chloride concentra- 
tion (130-147 mmol/L.). À similar clinical picture is seen 
in some patients with Zollinger-Ellison syndrome and in 
the rare condition of systemic mastocytosis secondary to 
basophil leukaemua; in this condition there 1s hypersecre- 
ton of gastric fluid due to histamine release, with diar- 
rhocs, intestinal loss of chloride and secondary renal loss 
of potassium. 

Rarely cvstic fibrosis (CF) may result in hypokalaemia 


in association with hypochloraemic alkalosis because of 
the high sweat chloride concentration im CF. 

Bartier's syndrome, together with other minor similar 
conditions grouped as the hereditary wasting disorders, 
presents with hypokalaemic alkalusis in association 
with hyper-reninaemic hyperaldosteronism. There 1s renal 
wasting of potassium and chlonde but pauents are resist- 
ant to the pressor cflects of angotensin Il and thus are 
normotensive. Patients present in childhood with failure 
to thnive, unexplained hypokalaemia and occasionally re- 
nal impairment. Renal biopsy typically reveals hyperplasia 
af the juxtaglomerular apparatus, Occasionally presenta- 
on 15 delaved until adulthood, at which time the major 
differential diagnosis is of diuretic abuse. 

À detailed classification of conditions causmg renal 
hypokalaemic alkalosis with hypertension 1s given earlier 
in this chapter (see Table 4.9, p.35) but these are 
summarized in Table 4.19. 

The association of hypokalaemic alkalosis with hyper- 
tension is due to functional mineralocorticoid excess, re- 
sulting in sodium rétention and distal tubular potassium 
Wasting with net acid excretion. Excess production of 
aldosterone may be primary (hyporeninaemic) due 10 
adenoma, hyperplasia or rarely carcinoma of the zona 
glomerulosa of the adrenal cortex. The rare autosomal 
dominant condition of glucocorticoid-suppressible hyper- 
aldosteronism is thought to be due to genetic recom- 
bination resulring in the ACTH-responsive region of 
1l-hydroxyiase being incorporated into aldostérone syn- 
thase, The majority of patients present with hypokalae- 
mia, which is enhanced by increased dietary sodium or by 
treatment with potassium-losing diuretics, 

Secondary (hyper-reninaemic) hyperaldostéroniem with 
hypertension 185 scen in patients with accelerated (malig- 
nant) hypertension and renal artery stenosis, Rerun- 
producing tumours, such as bemign häemangiopericytoma 
of the juxtaglomerular apparatus, are rare causes of 
hyper-reninaemic hyperaldosteronism. 

Cortisol possesses only weak mineralocornicoid activ- 
ty, but when plasma concentrations are sufliciently 
clevated, a mincralocorticoid effect results. Cushing's 
syndrome, ectopic ACTH syndrome or the administration 
of exogenous glucocorticoid with mineralocorticoid activ- 
ity can result in sigmificant hypokalaermic alkalosis and 
hypertension. 

Certain drugs and focdstuffs, as well as mineralocorti- 
coid drugs, can produce significant hypokalaemia if 
consumed to excess. Glycyrrhizic acid is found in natural 
liquorice root and has mineralocorticoid activity, as dôes 
glycyrrhetimic acid, the active component of the peptic 
ulcer-healhing drug carbenoxolone. 

Two forms of congenital adrenal hyperplasia result in 
excess production of deoxycorticosterone (DOC), which 
has mineralocorticoid action. These are 116-hydroxvlase 
deficiency and 17a-hydroxylase deficiency. 
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Pseudohyperaldosteronism can present in two forms, 
both of which are rare. Liddile's syndrome 1s a familial 
condiuon which clinically resembles primary hyperaldos- 
teromism but in which aldosterone (and remm) secrenion 
is suppressed. This condition is considered to be due to 
greatly enhanced renal tubular response to aldosterone. 
‘Apparent mineralocorticord excess” has been descnbed in 
children and, like Liddle's syndrome, there is hyporenin- 
aemic hypoaldosteronism, but unlike Liddle’s syndrome 
patients are responsive to spironolactone, This condition 
results from abnormal peripheral metabolism of cortisol 
due to reduced activity of corusol 11-hydroxysteroid 
dehvdrogenase, 

Renal hypokalasmia soithout specific acd-base disorder 
There remains a miscellaneous group of conditions which 
result in renal loss of potassium but without a specific 
acid-based disorder: these conditions are summarized in 
T'able 4.19, 

Several drugs can result in renal potassium loss. 
Penicillins, especially those administered in large molar 
quantities such as carbenmcillin, are excreted in aniomic 
form in the urine and are associated with kaliuresis. Both 
cisplatin and the aminoglycoside group of antibiotics have 
been associated with hypokalaemia, probably because of 
associated magnesium depletion (sce below). 

Acute myelomonocytic leukaemia is associated with 
renal loss of potassium, especially in association with renal 
excretion of lysozyme released from the leukaermmic cells. 

Both the diureuic phase of acute tubular necrosis and 
that following the relief of urinary tract obstruction can 
result in a negative potassium balance with associated 
hypokalacmia, 

Finally there 1s increasing evidence that magnesmum 
depieuon., of whatever aetiology, is associated with an in- 
créase in renal potassium loss. The mechanism of this as- 
sociation 15 not vet fully understood but there is evidence 
from animal experiments that magnesium depletion may 
increase aldosterone secretion. Thus in patients who are 
both potassium and magnesium depleted, supplementa- 
on with potassium alone will not result in correction of 
hypokalaemia unless magnesium is also supplemented. 


Laboratory investigation of hypokalaemna 


In the majority of patients presenting with hypokalaemia 
the cause is clear from the clinical history. The role of the 
laboratory is then to provide a monitoring service for 
plasma potassium and no further specific investigation is 
required. However, patients presenting with inexplicable, 
consistent, severe hypokalaemia provide on occasions a 
considerable diagnostic challenge. 

The first stage in differentiating the cause of hypo- 
kalaemna is to ensure that the plasma potassium is a true 
reflection of èn ciuo concentration and not due to in tire 
redistribution (see Table 4.17). À fresh sample of plasma 


54 CLINICAL BIOCHEMISTRY 


should be obtained for immediate measurement of so- 
dium and potassium concentration and an assessment 
of renal function by the measurement of plasma urea or 
creatinine concentrations (or both). If possible, blood 
should also be obtained for assessment of acid-base 
status. The clinical history together with a detailed past 
and present drug history is essential, The next step in 
laboratory investigation is to differentiate renal from 
extrarenal causes of hypokalaemia by measuring urine 
potassium. The definition of renal potassium conservation 
is not absolute, but a random urine concentration below 
20 mmol/L or, if polyuria is present, 2 mmol per mmol of 
creatinine, is strong evidence of extrarenal loss. 

When potassium 1s not conserved by the kidneys, the 
presence of a metabolic acidosis would suggest the causes 
listed in Table 4.19 under renal hypokalaemic acidosis, 
although the majority of such conditions, excepting certain 
RTAs, should be apparent from the clinical history. 

Hypokalaemia with metabolic alkalosis can be further 
differentiated by measurement of urine chloride, Again no 
absolute criteria are available but a random urine chloride 
below 20 mmol/L, (or, with polyuria, 2 mmol per mmol 
of creatinine) indicates chloride retention and implies 
chloride depletion. Those conditions listed in Table 4,19 
as chloride-depleting include certain conditions which 
frequentiy provide a diagnostic challenge, such as diuretic 
abuse and surreptitious vomiting. If the urine chloride con- 
centration éxcéeds 20 mmol/L. then Bartter’s syndrome or 
diuretic abuse (with recent diuretic ingestion) should be 
considered; in the presence of hypertension those condi- 
tions associated with glucocorticoid or mineralocorticoid 
excess should be considered (Table 4.19), although it 
should be remembered that hypertension is common 
but mineralocorticoid-induced hypertension is not. For 
full investigation of states of glucocorticoid or mineralo- 
corticoid excess see Chapter 17. Finally, in any patient 
with unexplained hypokalaemia, plasma magnesiun 
should be measured to exclude a concomitant magnesium 
depletion. 

Particular care should be exercised when interpreting 
urine electrolyte concentrations in hypokalaemic states. 
As mentioned previously, the concentration of potassium 
or chloride may be reduced if polyuria secondary to 
hypokalaemia is present. Therefore it may be necessary 
to express concentrations in terms of creatinine or some 
other measure of urine concentration, The excretion or 
retention Of electrolytes may be time dependent; for 
example, diuretics may induce a kahuresis and chloruresis 
following their ingestion, which then between doses re- 
verts to a kaliuresis with chloride retention, Stopping the 
diuretic, with subsequent chloride but not potassium re- 
placement, will then induce urine potassium conservation 
and imply that there is extrarenal loss of potassium. In 
addition, two or more conditions may coexist; for example 
anorexia and vominng, laxative abuse and diuretic abuse. 


Finally, severe potassium depletion may of itself imduce 
renal chloride wasting; thus potentially a severe extrarenal 
loss of potassium may résuit in renal potassium wasting. 


Management of hypokalaemia 


The decision to treat hypokalaemia will depend on the 
severity of the condition and the presence of symptoms, 
particularly muscle weakness and electrocardiographic 
evidence of cardiovascular effects. In general, only pauents 
with plasma potassium concentrations below 3,0 mmol/L 
are likely to be considered for replacement therapy, 
although the threshold for treatment is usually 3.5 mmol/ 
L in patients treated with cardiac glycosides. 

The magnitude of any potassium deficit can only 
be estimated. For hypokalaemia associated with a deficit 
rather than a redistribution, a rough guide is that a plasma 
potassium of 3.0 mmol/L equates with a total body deficit 
of 300 mmol and plasma potassium of 2.0 mmol/L with 
a total deficit of 600-700 mmol. 

In general oral replacement is preferred. Although 
certain fruit juices contain relatively high concentrations 
of potassium, the volumes required to provide sufficient 
for replacement may be impracticable (Table 4.20). 
Potassium salts are available in various formulations, in- 
cluding syrups, effervescent preparations and sustained- 
release tablets. Potassium chloride is usually the preferred 
salt and potassium bicarbonate should only be used in 
hyperchloraemic states. (Potassium citrate is usually pre- 
ecribed to alkalinize the urine and reduce the discomfort 
of urinary tract infections, but can be substituted for po- 
tassium bicarbonate in the treatment of hypokalaemia.). 
Currently the preferred sustained-release formulation is 
a microencapsulated form which spreads the release of 
the potassium salt within the gastrointestinal tract and 
minimizes the risk of ulceration and stricture formation. 
Oral replacement is usually prescribed in doses which 
cquate with a normal adult dietary intake of between 40 
and 120 mmol/day, although up to 200 mmol/day may 
be required and tolerated. 

In acute illness, when oral replacement is not possible, 
potassium can be given intravenously into peripheral 


| Apple juice 
(and farmhouse cicder) 





veins. The maximum rate of infusion should not usually 
excecd 20 mmol/h, although with severe life-threatening 
hypokalaemia this limit can, with cardiac monitonng, be 
increased to 40 mmol/h. The maximum concentration of 
potassium in the infusion should not usually exceed 
40 mmol/L. If it is necessary to minimize fluid intake, or if 
hypokalaemia proves resistant to such replacement, con- 
centrations up to 80 mmol/L may be infused into a central 
vein. 


Hyperkalaemia 
Clinical signs and presentarion 


The most significant clinical effect of hyperkalaemia is on 
cardiac function, most importantly to cause cardiac arrest. 
This risk does not become appreciable until plasma potas- 
sium is greater than 6 mmol/L, but is considerable above 
8 mmol/L. ECG changes become apparent at lower con- 
centrations of potassium and are more prominent if the 
hyperkalaemia 1s associated with hypocalcaemia, hyponat- 
raemia, hypermagnesaemia or acidosis. Occasionally pa- 
tients present with a form of ascending muscular weakness 
resembling the Guillain-Barré syndrome. Table 4.21 
shows the major clinical effects of hyperkalaemia. 


Causes of hvperkalaemia 


Hyperkalaemia may reflect an inappropriate rétention of 
potassium within the body or an alteration in the distribu- 
tion of potassium intra- and extracellularlky. This altera- 
tion in distribution may occur in vivo or in oirro, when 
redistribution may occur from blood cells to plasma 
during the time berween venesection and separation of 
plasma. 





| Cardiovascilar 
| ECG changes 
|  tall T waves | 

prolonged PR interval | 
flat P waves | 
widening QRS complex | 
‘M' complex sine wave 
ventriculer fibnllution or asystole 


| Neuromusewlar | 
| Weakness, flaccid paralysis 


Renal 

Natriuresis 

| Decreased renal ammoningenesis 

| Decreased reabsorption of bicarbonate in the proximal tubule 


Endocrine 
Decreased renin secretion 
Increased aldosterone secretion 
Increased insulm secretion 
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Redistribution hyperkalaemia in witro This form of 
hyperkalaemia is sometimes known as spurious or pseudo- 
hyperkalaemia (Table 4.22). The most common form is 
due simply to an wirro loss of potassium from erythrocytes, 
which may or may not be associated with visible haemo- 
lysis. This type of spurious increase in plasma potassium 
is also seen in certain patients with leukaemia with ex- 
tremely high WBC counts (> 100 x 10°/L) and in patients 
with thrombocythaemia when platelet counts exceed 
1000 >*x 10%/L; in both situations the cells are fragile and 
lyse during blood clotting. To exclude these causes in 
patients with leukaemia or thrombocythaemia, blood 
should be collected into heparin and the plasma separated 
quickly from the cells at room temperature. 

Whole-blood samples stored at 4°C will eventually 
release potassium from red cells into the plasma, without 
necessarily any evidence of haemolysis. In certain families 
this tendency is greatly accentuated, giving rise to the con- 
dition familial pseudohyperkalaemia, which is believed to 
be due to an increase in the temperature sensitivity of the 
red cell Na'/K° co-transport system. 

Redistribution hyperkalaemma in vivo The major causes 
of transcellular shift of potassium occurring in tivo are 
also shown in Table 4,22. As previously discussed, acido- 
sis, particularly that induced by mineral acid, will result 
in increased extracellular potassium concentration. Acido- 
sis and hypertonicity due to hyperglycaemia and insulin 
deficiency lead ro the hyperkalaemia frequentiy seen in 
potassium-depleted diabetic patients with ketoacidosis. 

Various drugs may promote or accentuate hyperkalae- 
mia. Succinyicholine, a depolarizing muscle relaxant, re- 
sults in some increase in plasma potassium in all subjects, 
but this is particularly evident in patients with increased 
total body potassium. Thus succinylcholine should be 
avoided in all patients who are hyperkalaemic. f- 
Adrenergic blocking agents have been associated with 
minor increases in plasma potassium concentration, but 
this may be greatly accentuated during vigorous exercise. 

The release of potassium from cells during exhaustive 
exercise is well described and a similar phenomenon may 


In carre redismibunion 
| Haemolysis of erythrocytes 
| Release from white blood cells (high leukaermic counts) 


| Release from platelets (thrombocythaemin) 


| Storage of whole blood at low temperature 
| Farnilial pseudohyperkalwennia 
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occur locally in an ischaemic limb, such as may happen 
during prolonged venous stasis prior to venesection. 
Hyperkalaemia has been described in patients undergoing 
chemotherapy for malignancy, which causes massive lysis 
of neoplastic cells. This phenomenon has been described 
in the treatment of chronic lymphocytic leukaemia, acute 
lymphoblasuic leukaemia and lymphosarcoma. Its occur- 
rence emphasizes the need for maintenance of hydration 
and for careful electrolyte monitoring during aggressive 
chemotherapy. Acute haemolytic disorders can give rise 
to hyperkalaemia by a similar mechanism. 

Hyperkalaemic periodic paralysis Hyperkalaemic perio- 
dic paralvsis (HY PP) is a rare autosomal dominant condi- 
ion which presents with attacks of muscular weakness, 
paralysis (usually sparing the respiratory muscles) and 
an associated acute rise in plasma potassium (up to 
8.0 mmol/L)., The periodicity of attacks is variable, rang- 
ing from daily to only a few attacks a vear. This type of 
periodic paralysis is provoked by a high potassium intake, 
glucocorticoids, hypothermia and during the recovery 
phase after vigorous exercise. During attacks ECG moni- 
toring shows tall T waves but cardiac arrhythmias are 
rare. The management of HYPP is administration of the 
B.-agonist salbutamol, which can easily be taken by inha- 
lation. Salbutamol has also been used prophylactically. 
Recently the mutation causing HYPP has been identified 
in the skeletal muscle sodium channel gene. 

Potassium retennion The major causes of potassium 
retention are listed in Table 4.23. An increased potassium 
intake alone, without associated renal impairment, in prac- 
tice only occurs as an iatrogenic complication of inappro- 
priate intravenous loading. Excessively high oral loads of 
potassium are counteracted by a combination of reduced 
gastrointestinal absorption, vomiting and diarrhoea. 

À reduction in GFR of whatever cause increases the 
risk of development of hyperkalaemia. However, on a nor- 
mal diet containing approximately 100 mmol of potas- 
sium per day, GFR may fall to less than 10 ml/min before 
a significant risk of hyperkalaemia arises and increased co- 
lonic secretion of potassium may further protect the pa- 
tient when GFR is reduced beyond this. It is important, 
however, that patients with significantly reduced GFR 
avoid high intakes of potassium or any condition which 
results in endogenous shifts of potassium. 


Decreased tubular secretion of potassium may occur 
in response to treatment with the potassium-sparing diu- 
retics: spironolactone, triamterene or amiloride. Hyper- 
kalaemia is a particular risk when such a drug is used in a 
patient with impaired renal function or in a patient with a 
high potassium intake. Urinary diversions which involve 
jejunal segments (see p. 52) result in a significant inci- 
dence of hyperkalaemia due to reabsorption of potassium 
from the urine while contained within the segment, 

Syndromes of hypoaldosteromism This broad group of 
conditions is summarized in Table 4.24. Primary hyper- 
réeninaemic hypoaldosteronism is found in Addison’s 
disease (see Ch. 17) and the rare condition corticosterone 
methyi oxidase deficiency, in which aidosterone synthesis 
is impaired. Heparin given in continuous high doses can 
also imhibit aldosterone synthesis through inhibition of 
18-hydroxylase and possibly by inducing atrophy in the 
zona glomerulosa. 

Two forms of congenital adrenal hyperplasia result in 
impaired mineralocoruicoid synthesis. 21-Hydroxylase 
deficiency 1s the most common form of CAH. Vinilization 
is characteristic, but not all patients exhibit features of 
hypoaldosteronism; up to two thirds develop renal sodium 
wasting with hyperkalaemia. 35-Hydroxydehydrogenase 
deficiency is a rarer condition, in which the majority of 
patients have renal sodium wasting and hyperkalaemia. 

Hypoaldosteronism may occur in patients receiving 
angiotensin-converting enzyme inbubitors such as Capto- 
pril. Patients at particular risk of developing hyper- 
kalaemia include those with associated renal impairment 
or with high renin levels, for example resulting from 
congestive heart failure. 

Hyporeninaemic hypoaldosteronism is an increasingly 
recognized syndrome in which patients present with 
hyperkalaemia out of proportion to the reduction in GFR. 
The majority of such patents develop a hyperchloraemic 
metabolic acidosis and fall, therefore, into the classifica- 
tion of type IV renal tubular acidosis (see Ch. 5). The 
syndrome is particularly prevalent in elderly patients with 








' à 
ï à 
f è 
Nto? Niol 
Nto! Ntoi 
à à 
N N 
k | 1 
4 N to 4 








non-insuhin-dependent diabetes but is also found in many 
other diseases in association with intérsntial nephntis, in- 
cluding systemic lupus erythematosus, multiple myeloma. 
chronic obstructive uropathy, gout, sickle-cell disease, 
lead nephropathy, following renal transplantation and in 
association with treatment with prostaglandin synthetase 
inhibitors and treatment with cyclosporin. Plasma renin 
activity is reduced, as are aldosterone levels. Renin re- 
sponse to upright posture or to salt depletion is also 
reduced. The pathogenesis 15 not fully understood but 
includes structural damage to the kidney, including the 
juxtaglomerular apparatus, and there is evidence in diabe- 
tes of impaired conversion Of renin precursor to active 
renin, One intnguing aspect of hyporenmaemic hypo- 
aldosteronism is why hyperkalaemia occurs, as aldoster- 
one secretion 1s known to be stimulated by hyperkalaemia. 
However, it is likelv that this direct stimulation of aldos- 
teronce Can only occur in the présence of angotensin Il. 
An important aspect of this syndrome is that, because it 
occurs more frequently in the élderly, drugs that suppress 
renin and aldosterone, such as f-blockers and calcium 
channel blockers as well as prostagiandin synthetase in- 
hibitors, should generally be avoided in this age group. 
Interstitial nephriuis may give rise to hyperkalaemia 
in which the aldosterone is not suppressed. The patho- 
genesis in these conditions is presumed to be a direct 
impairment of rubular secretion of potassium. Many of 
the diseases associated with tubular dysfunction are those 
which are also associated with the development of hypo- 
reninaemic hypoaldosteronism and include obstructive 
uropathy, sickle-cell disease and systemnc lupus érythema- 
tosus. The main chimcal difference berween direct tubular 
dysfuncuon and hyporeninaemic hypoaldosteronism is the 
failure of the former condition to respond adequately to 
mineralocorticoid replacement and alternative treatments 
such as thiaride diuretics must be used. 
Pseudohypoaldosteronism is an exccedingly rare condi- 
tion existing in two forms. Type 1 pseudohypoaldos- 
téronism 1s an autosomal recessaive condition usually 
presenting withun the first 2 years of life with failure 
to thnve, hyperkalaermic acidosis, renal sodium wasting, 
hyponatraemua and hypotension. There 15 evidence that 
the colon, salivary glands and sweat glands, as well as the 
renal tubules, are unresponsive to endogenous or exo- 
genous mineralocortuicoids. Plasma levels of renin and 
aldosterone are elevated. Patients are primarily managed 
by sodium replacement and symptoms often amélhorare in 
childhocd but may recur if dieétary sodium is restricred. 
Type 2 pseudohypoaldesteronism (sometimes called 
Gordon's syndrome) presents in late childhood with 
hyperkalaermic acidosis but, in marked contrast to type 1, 
with hypertension, The primary defect docs not appear to 
be at the aldosteronce receptor but is believed to involve 
increased chloride reabsorption in the thick ascending 
hmb of the loop of Henle, resulting in enhanced sodium 
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reabsorption, ECF volume expansion and hypertension. 
Plasma renin and plasma aldosterone are low. The 
condition responds to tluazide diuretics. 


Laboratory imvestieanion of hyperkalaenria 


The first stage in any laboratory investigation of hyper- 
kalaermia is to ensure that the plasma potassium is à trué 
reflection of in cive concentration, The storage of whole- 
blood specimens in a refrigerator at 4°C is widely prac- 
used by chimicians in the belef that dus will aid the 
preservation of a specimen, but thus practice can greatly 
increase plasma potassium without any evidence of 
haemolvsis. This effect ts particularly noticeable in famil- 
ial pseudohyperkalaemia, but can affect any blood sample 
if storage is prolonged for 8-12 hours. As previously 
mentioned, hyperkalzemia im patients with high WBC 
counts or platelet counts should be confirmed in freshly 
scparated plasma, rather than serum. 

Having confirmed a true hyperkalaermia, the chimical 
history is required with particular emphasis on drug and 
dietary regmens, with information sought regarding en 
vivo redistribution. 

Assessment of blood acid-base status and glucose con- 
centration may be valuable. Plasma potassium is usually 
measured with other electrolvtes and markers of renal 
function, including urea and creanimine. When GFR 1s 
reduced below 10 ml/min then hyperkalaemua 15 likely 
to develop unless dietary potassium :5 restricted. The 
measurement of urine potassium output is of marginal 
value except possible in steady-state conditions when a 24 
hour urine potassium will provide evidence of excessive 
ingestion, 

If GFR is not reduced sufficientiy to explain the 
hyperkalaema then a syndrome of hyposldosteronism 
should be considered. Normally, clinical presentation of 
Addison's disease 1s sufficiently chéracteristic to require 
only studies of cortisol response to exogenous ACTH pre- 
parations, but other forms of hypoaldosteronism require 
measurement of renin and eldosterone., Unfortunately, 
the various combinations of findings do not fit snugiv with 
chmical classification of disorders. Hyper-renimaemic 
hypoaldosteronism is found im primary hypoaldosteron- 
ism, the exceedingly rare condition of corticosterone 
méthyloxidase deficiency, some forms of CAH and with 
ACE inhibitor treatment. Hyporeninsemic hypoaldos- 
teronism is found in the conditions grouped under the 
syndrome of the same name and is also found in the rare 
type [I pseudohypoaldosteronism. In contrast, high renin 
and high aldosterone are found in type 1 pseudohypo- 
aidosteronism, However, normal levels of renin and 
aldosterone may be found in those conditions causing 
interstitial nephrius with direct tubular inhibition of po- 
tassium excrenon. Renim and aldosterone levels are not 
always easy to interpret as high plasma potassium directly 
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stimulates aldosterone and suppresses renin activity. In 
addition, aldosterone is increased as the GFR falls without 
corresponding changes in rénin activity. In situations 
in which diagnostic difficultly may exist, for example in 
hyporeninacmic hypoaldosteronism, it may be necessary 
to reassess aldosterone levels when plasme potassium has 
been reduced to within the reference range or alternatively 
a trial of mineralocorticoid replacement will differentiate 


hyporeninaemic hypoaldosteronism from a direct tubular 
dysfuncnon. 
Management of kvperkalaemia 


Hyperkalaemia is a serious condition requiring immédiate 
treatment because of the risk of sudden death. Emergency 
treatment is intravenous 10% calcium gluconate — 10 mL. 
injected over 60-120 seconds and repeated every 15 min- 
utes or s0 until the ECG changes improve (maximum 
dose 50 ml). This does not correct the hyperkalaemia, 
but is directly cardioprotective. In patients receiving dig- 
oxin, calcium gluconate should be infused more slowly — 
10 mL. over 30 minutes — 10 avoit digoxin toxicity induced 
by hypercalcaemia. 

Two therapeutic regimens are available to lower plasma 
potassium rapidiy. Glucose (50 mL. of 50°%% glucose} can 
be infused over 15 minutes together with 10 units of solu- 
ble insulin. Thus regimen may be repeated at hourliy imter- 
vals and should be accompanied by plasma potassium and 
glucose monitoring. Alternatively, plasma potassrum may 
be reduced by the infusion of 50-100 mL. of 4,2% sodium 
bicarbonate (500 mmol/L) over a 15-30 minute period, 

For haemodialvsis patients with hyperkalaemia a regi- 
men which has been shown to be of equal benefit to 
glucose and insulin in reducing plasma potassium is treat- 
ment with the Ê.-adrenergic agonist salbutamol. Inhala- 
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on of nebulized salbutamol (10-20 mg) will reduce 
plasma potassium by approximately 1 mmol/L within 
30 minutes, 

[If hyperkalaemia is the result of increased body stores 
of potassium then this excess must be removed from the 
body. The relationship of plasma potassium to excess 
body potassium 1s highly variable and 1s not strictly pre- 
dictable. Às an approximation, elevation of plasma potas- 
sium by 1 mmol/L. above normal without evidence of 
redistribution will roughly equate with a 200 mmol total 
excess. Polvstyrene sulphonate resins (sodium or calcium 
salts) may be given by mouth (15 g, $—4 times daily in 
water) or as an cnéma (30 g in methvyicellulose, reramed 
for 9 hours). As an approximation each gram of resin re- 
moves | mmol of potassium so that up to 60 mmol may 
be removed im each 24-hour period. For more dramatic 
reductions in body potassium dialysis is required, Pento- 
neal dialvsis is capable of removing 10-15 mmol of potas- 
sium each hour, whereas the efficiency of haemodialvsis 
il allow up to 30 mmaol t6 be removed each hour. 


SUMMARY 


The physiological control over sodium, water and potas- 
saium within the human body is a complex interrelated 
scries of systems of extreme precision and sensitivity. 
These systems regulate the extracellular fluid volume, the 
extra- and intraccllular solute content, the intracellular 
volume and neuromuscular funcuon, and therefore in- 
directly influence myriad functional and metabolic proc- 
csses essential for life. The pathological causes and 
consequences of recognized abnorrmalities in the control 
of sodium, water and potassium have been explored in 
this chapter, together with the details ôf diagnosis and 
treatment. 
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APPENDIX 1: FORMULAE 


Formulae (a)-(d) are approximations only and are sup- 
plied as illustrative guidelines, Any corrective procedure 
based upon any of these formulae should be accompanied 
by detailed clinical and laboratory monitoring, 


(a) Estimate of ECF volume reduction from 
change in haematocrit (hct) 


ECF volume 


reduction (litres) 


,. … body weight  [,__2ommai her 
Dé x {kg FL messured het | 


(b} Estimatc of sodium deficit in patients with 
hypovolaemic hyponatraemia 


Sodium deficit __, . body weight Écis . ni | | 
(mmol) = 0,6 x kg) x Lg — [Na] an eamol/L. plasma | 


{c) Estimate of water deficit in hypernatraemia 


Water deficit 


body weight { 140 
(litres) : 


= (Lo x (kg) 


ÎNa' ] in mmol/L. plasma 


(d) Estimate of sodium required in acute water 
intoxication 
(to increase plasma sodium to 125 mmol/L.) 


sodium required | 


ND , pt body weight 
(mmol = 125 - [Na'} en mmolL. plasma x 0.6 x ke: 


Hypertonic saline (5%) = 855 mmol/L. 


(e) Calculation of plasma osmolality (osmolarity) 


Calculated osmolality = 1.89 [Na] + 1.38 [K'1 + 1.03 
[ureal + 1.08 [glucose] + 7,45 


From Behagat C 1, Garcia-Webb P, Flercher E, Beiïby 
JP, Calculated vs measured osmolalities revisited. 
Chmical Chemistry 1984; 30: 1703-1705. 


(f) Calculation of osmolal gap 


Osmolal gap = measured osmolaliry — calculated 
osmolalhty 


APPENDIX 2: DYNAMIC FUNCTION TESTS 
(a) Water deprivation test 


The patient is demied fluid and sloppy food from 
08.30 am. onwards. AI patients should be observed 
closely; urine should be collected at thé bedside to prevent 
covert access to fluid. If the patient develops symptoms of 
water loss or loses more than 3% of initial weight, urine 
and plasma osmolality should be measured and water 
deprivation discontinued. The vasopressin test is then 
performed {see below). 

At the commencement of the test blood and urine are 
collected for measurement of osmolality and the patient is 
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weighed accurately. Subsequentlv, urine is collected each 
hour and the volume and osmolality are measured. At 
3, 5 and 8 hours blood (5 mL) is collected and the patient 
weighed. Osmolality measurements should be made as the 
test proceeds. If after 8 hours the urine osmolality remains 
below 600 mmol/kg rhen proceed to the vasopressin test. 


Fasopressin test 


Give 2 ug of dDAVP iv, The patient 15 allowed to drink, 
but total fluid intake should be resmicted to 1000 mL 
until 09.00 hours next morning, unless the patient's 
weight loss continues above 3%, when free fluids should 
be allowed, À further urine collection is made 2 hours 
after administration of desmopressin and, 1f necessary, 
after 5, 14 and 16 hours. 


Interpretation 


À normal subject will concentraté urine to âbové 
600 mmol/kg during the period of water deprivation and 
the plasma osmolality will remain within the physiological 
range (or, more stnctiv, the urine — plasma osmolality ra- 
tio will be greater than 2:1), If urine fails to increase above 
600 mmol/kg but increases following dDAVP by greater 
than 20% then CDI is confirmed, The weight loss re- 
corded should always equate with total unne volume 
passed. 


Reference 


This protocol is modified from the origmal description 
of the ‘short’ water deprivation test by Dashe À M, 
Cramm RE, Cnist À C, Habener ] F, Solomon D H, 
À water depnivation test for the differential diagnosis of 
polvuria, Journal of the American Médical Association 
1963; 185: 699-703. 


(bb) Hypertonic saline infusion 


The patient is food fasted overnight (12 hours) but is al- 
lowed free access to water. Smoking is not allowed during 
thus 12-hour period or during any part of the test. No fluid 
of any kind should be consumed during the tést, including 
sips, mouthwashes or ice cubes: all of these cropharyngeal 
stimuli can suppress the release of AVP from the posterior 
pituitary. 


O0 hours Weigh 
SuriNe Ption 
Indwellimg cannulae One tor eventual 
with both antecubural À infusion of 
vens kept parent with { bvpertonie saine, one 
heparinied saline for blood sampling 
9.00-10.00 hours Rest hour 
10.0) hours 20 mL éhepann) - AVP 
Basal sample 25 ml. 5 ml. - urea and 
cléctorolstes, csmolalits 
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Commence $%% saine (0.06 mL/kg'man) infusion 
into one cannula follesing blood sampling 
‘20 mL Cheparin) - AVP 
5 ml - urea am 
electrolyués, cemolahty 
{ 20 mL (hepann) —- AVP 
Sample 25 mL. | 5 ml - urea and 
| clectrolvies, csmolality 
11.30 bours 20 el (hepann) - AVP 


10,30 hours 
Sample 25 el, 


1 1.00 Hours 


Sample 25 ml 5 ml. - urea and 
clectrolsres, csmolality 
20 ral. (héparm) - AVP 
Sample 25 mL à 5 ml. - urea and 
| clectrolvtes, osmolality 


12,00 hours 


For interpretation of results, see Figure 4.4 and text. 


Note 


1. If information is required on subjective thirst rating 
then the patient should be shown, at each time blood 1s 
sampled, a unitless 100-mm scale with a maximum 
lait entitled ‘Extreme thirst' and a minimum limit ‘No 
thirst’. The patient is asked to indicate their where- 
abouts on the scale, Two scales should be completed 
on cach occasion 10 obtain a measure of precision. 

2. Information concerning the handling of blood samples 
for AVP should be obtained from the relevant labora- 
torv. In general, samples shoulä be collected into 
prechilled heparin tubes, transported on ice to the labo- 
ratory immediately, centrifuged rapidly at 4°C and the 
plasma stored at a maximum temperature of -2@C 
(prefcrably -70°C), The time from collection to storage 
should not usually exceed 20 minutes. 

3. Patients with a history of congestive cardiac failure 
should be closely monitored and 1f necessary the test 
curtailec and frusermide (40 mg 1.v.) administered. 


REFERENCE 


Adapted from Robertson G L, Athar S. The interaction of blood 
camolahty and blood volume m reguleong plasma vésopressin in 
man. Journal of Cluscal Endécnackogr and Metabohiom 1976: 
#2: 6135-20 


(c) Water load test 


The patient 15 allowed free access to fluid 12 hours prior 
to the test to ensure adequate panent-determined hydra- 
tion at commencement. No smoking is allowed during the 
est period or for the 12 hours prior to this. Adequate 
glucocornicoid replacement is requured for patients with 
hypoadrenocorticism. 

At 09.00 hours the bladder is emptied and an alhquot 
af urine (10-15 ml) saved for osmolality measurement. 
Blood (for uréa and electrolyies, osmolahity}) is collected 
and the patient weighed. An oral water load (20 mL/kg) ts 
then consumed withun 20 minutes, Further samples and 
weighings are obtained according to the following sched- 
ule, Urine volume output is accuratelv measured each 
hour. 


Sample Time of urine Time of blood Time of 
collection (h) collection (h}  weighing th} 

09,00 09.00 09.00 

2 09.00-10.00 

3 19.00-1 1.00 

4 11.00-12.00 

5 12.001 3.00 13.00 13.00 

Interpretation 


In a normally hydrated subiect over 80% of a standard 
water load is excreted within 4 hours of ingestion. Urine 
osmolalty will rypically fall below 100 mmol/kg. Weight 
changes should confirm the observed difference between 
the water volume ingested and the urine volume loss. 
Difficulties in micturition may make the test difficult or 
impossible to interpret. 
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INTRODUCTION 


Disorders of both hydrogen ion homocostasis and ussue 
oxygenation will be discussed in this chapter. Abnormali- 
ties of hydrogen ion homocostasis occur frequently in 
réspiratory disorders, as a result of changes in the rate of 
excretion of carbon dioxide. Such disorders can also affect 
oxygenation, and impaired tissue oxygenation is an impor- 
tant potential cause of acidosis, Furthermore, hydrogen 
ion concentration, carbon dioxide and oxygen are meas- 
ured using related technologies, usually with the same 
instrument, 

he first part of chuis chapter deals with hydrogen ion 
homeocostasis and its disorders (colloquially often referred 
to as ‘acid-base balance” and ‘acid-base disorders’ respec- 
uively), while the second deals with the mechanism 
whereby oxygen is made available to the tissues and dis- 
orders in wluch tissue oxygenarion is immpaired. 


THE PHYSIOLOGICAL ROLE OF HYDROGEN 
IONS 


Hydrogen ions are ubiquirous in the body and mainte- 
nance of appropriate concentrations 15 critical to normal 
function. The gradient of hydrogen ion concentration 
between the inner and outer mitochondrnal membrane 
drives oxidative phosphorylation; changes in hydrogen ion 
concentration can affect the surface charge and physical 
conformation of proteins and thus their function; and 
hydrogen ion concentranon determines the degree of 
ionmization Of weak acids and bases and can thus affect 
the disposition of such substances, amongst which are 
many having important physiological and pharmacologi- 
cal functions. 


The hydrogen ion concentration of the blood is ner- 
mally controlled within narrow limits, in health rarely 
exceeding 46 nmol/L or failing below 35 nmol/L. This 
regulation is achieved in spite of the continuous produc- 
tion of hydrogen ions as a result of the normal processes of 
metabolism, Intracellular hydrogen ion concentration is 
higher, that in the cytosol being shghtiy so while in some 
organelles, notably lysosomes, it is several orders of 
magrutude higher. 


Definitions 


An increase in the hydrogen ion concentration of the 
blood is termed acidaemia and a decrease aikalaermia. The 
term acidosis strictly describes a pathological disturbance 
which can result in acidaemia but does not necessarily 
do so because of the simultanéous existence of another 
disturbance (possibly the result of a physiological com- 
pensatory process) having an opposing effect, Similarly, 
alkalaemia is not always present in alkalosis. These dis- 
tinctions, although made much of by some authors, often 
only introduce confusion and will not be pursued m this 
chapter. 

Strictly speaking, it is the actirnty of hydrogen ions and 
not their concentranon that 15 relevant, and devices for 
measuring hydrogen ions respond to their activity. Activ- 
ity and concentration are only the same in ideal solutions, 
which biological fluids are not, but the distinction can be 
ignored for practical purposes. 

Hydrogen ion concentration can also be expressed in 
terms of pH. The pH of a solution 1s the logarithm (base 
10) of the reciprocal of hydrogen ion activity. Thus a solu- 
tion with hydrogen ion concentration of 100 nmol/L (100 
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* 10 *mol/L} has pH 7.60 (log, 1/100 x 107). pH does 
not have units. Ît vanes in a reciprocal and non-linear 
fashion with hydrogen ion concentration. The reference 
range for the pH of blood, corresponding to the range for 
hydrogen ion concentration given above, is 7,36-7,42, It 
is beyond the scope of this chapter to discuss the reasons 
why the pH nomenclature was developed. It is clearly nec- 
éssary in discussing hydrogen 1on homoeostasis and its 
disorders to consider the production and disposal of hy- 
drogen ions, it is therefore logical to discuss the effects of 
changes in these processes on hydrogen ion concentration 
rather than on 4 derived unit. Furthermore, as will be 
seen, the analysis of disorders of hydrogen ion homo- 
costasis is considérably facilitared 1f direct measurements 
are used. 

Disturbances of hydrogen ion homoeostasis occur 
frequentiy and in a wide vartety of disease states. They are 
traditionaily classified as respiratory 6r non-respiratory in 
origin, according to whether the primary abnormality is 
due 16 an excess or deficiency of carbon dioxide (respira- 
tory) or of bicarbonate (non-respiratory). Non-respirators 
disturbances are often referred 16 as metabohc, As will be 
seen, however, an underlving respiratory disorder which 
produces hypoxia may produce an acid-base abnormality 
whose characteristics are non-respiratory or even combiné 
respiratory and non-respiratory features. Nevertheless, the 
distinchen is a useful one and is of considerable value 
in analvsmg disorders of hydrogen ion homoecostasis. 


HYDROGEN ION HOMOEOSTASIS 
Buffering 


What follows 15 a brief, simplified account of the essential 
features of buffering, sufficient for an apprectation Of the 
physiology of hydrogen ion homoeostasis. 

In essence, bufler systems limit thé extent to which the 
hydrogen ion concentration changes in the face of any 
tendency to change, À buffer system (or buffer pair} con- 
sists of a weak (that is, only partiy dissociated) acid and its 
conjugate base (that is, the amion which combines with a 
hydrogen ion to form the acid). If the acid is HB and the 
conjugate base 15 B, the relevant reactions are: 


B + H° < HB (1) 
and 
HB + OH «3 H,0 + B (2) 


Bicarbonate An example of central importance 
to physiology is the carbônic acid-bicarbonate system; 
carbonic acid is a weak acid which partiv dissociates to 
bicarbonate and hydrogen ion: 

H,CO, + H° + HCO, {3} 


If an amount ôf hydrogen ion were to be added te a solu- 


uon containing this buffer pair, some would combine with 
bicarbonate to form carbomic acid, thus limiting the 
increase in hydrogen ion concentration that would be 
otherwise be expected to occur, but at the expense of con- 
suming bicarbonate. Removal of hydrogen 1on (or addi- 
uon of hydroxyi, which, by combining with hydrogen ion 
to form water, has an identical effect) would cause dis- 
sociation of carbonic acid, producing bvdrogen ion (and 
bicarbonate} and thus hnutnng the fall in hydrogen ton 
concentration which would otherwise be expected to 
oCCUr. 

It will be apparent that if a buffer is to funcnon effec- 
tively in che face of equal tendencies for hydrogen ion 
concentration to increase and decreasc, the concentra- 
uons of the acid and conjugate base should be equal, 
e.g. for the acid HB, (HB] = [B]. Since at equilibrium: 


[H'] = K, (HBJ/(B ] (4) 


(where K. is the cauilibrium constant}, it follows that a 
buffer will be most effective when the hydrogen ion con- 
centration to be defended is numerically similar 10 the 
equihbrium constant. Ît should also be appreciated that 
hydrogen ion concentration, [H"], depends not on the ab- 
solute values for the concentrations of acid and conjugate 
base, but on the rerro of their concentrations. On the other 
hand, the buffer capacity, that is, the extent to which the 
buffer can absorb hydrogen ions, clearky will depend upon 
the absolute values of these concentrations. 

For bicarbonate, it follows from the general equation 
(Egn 4; thar: 


[H°} = K, [H;:CO,IHCO, | (3) 


The concentranon of carbonic acid cannot be readily 
determined but it is directly proportional to the concen- 
tration of carbon dioxide [CO,], since carbonic acid is 
formed by the hydration of carbon dioxide: 


CO, + HO + H,CO, (6) 
Thus Egn 5 can be rewritten in the form: 
[H°} = K/ [CO,J/IHCO, ] (7) 


where K/ is à constant numérically imcorporating the 
equilibrium constants for the reactions represented by 
Egns 3 and 5. The value of KA) is approximately 
800 nmol/L, and at physiological extracellular hydrogen 
ion concentration (40 nmol/L) the numerical value of the 
molar ratio [COLI/[HCO,] is approximately 0.05, sug- 
gesting that this system should be a poor buffer, particu- 
larly against a tendency for hydrogen ion concentration to 
fall, However, the body 15 a ner producer of acid, Le. the 
tendency is for hydrogen ion concentration to rise, Fur- 
ther, carbon dioxide, generated by the buffering of hydro- 
gen ion by bicarbonate and the subsequent dissociation of 
carbonic acid, can be removed by the lung, keeping the 
carbon dioxide concentration constant, The carboruc 


acid-bicarbonate system ïis physiologically a vitally 
important buffer, particularly in the extracellular fluid, 

In practice, carbon dioxide concentration cannot be 
readily determined, but it is related to the partial pressure, 
PCO,, such that [CO.] = 0.225 x FCO, when PCO. is 
measured in kilopascals (kPa). 

Phosphate The monchydrogen and dihvdrogen 
phosphate ions (HPO,5 and H,PO, ) form a buffer pair 
with K, being approximately 160 nmol/L. Although the 
K, appears relatively favourable for bulfering at physio- 
logical hydrogen ion concentrations, the Concentration 
of phosphate in the extracellular fluid is toc low for it to 
be of significance in this respect. Phosphate is, however, 
an important buffer in the urine, where its Concentration 
is much greater. 

Haemoglobin Al proteins can buffer hydrogen ion 
to some extent by virtue of their content of polar amino 
acid residues. Haemoglobin 1s an important buffer, The 
reaction can be represented as: 


Hb + H° <> HHb (8) 


although each haemoglobin molecule is capable of buffer- 
ing a number of hydrogen ions. It is relevant to note that 
haemoglobin is a more effective buffer for hydrogen ions 
when it is in the deoxygenated rather than the oxygenated 
form and that oxvgen release 15 facilitated by the buffering 
(the Bohr effect). 

The efficacy of haemoglobin as a buffer is enhanced by 
the presence in erythrocytes of the enzyme carbonate de- 
hydratase, which catalvses the hydration of carbon dioxide 
(Ean 6). Despite the fact that they are responsible for the 
majority of oxygen transport in the blood, ervthrocytes 
obtain their energy anaerobically, by glycoivxis, and thus 
do not generate carbon dioxide, In the capillaryv beds of 
issues, carbon dioxide produced by aerobic metabolism 
réadily diffuses down the concentration gradient into 
érythrocvtes, where it is hydrated to form carbonic acid, 
which dissociates to form bicarbonate and hydrogen ions 
(Fig, 5.1). 

Hydrogen ions are buffered by haemoglobin while 
bicarbonate diffuses out of the cells in exchange for chlo- 
ride, so that the products of the dissociation of carbonic 
acid are removed, causimg further dissociation to occur 
and thus, by a mass action effect, stimulating its forma- 
tion. In the lungs, alveolar PCO, is lower than venous 
PCO, and the process reverses, carbon dioxide being gen- 
erated and excreted, while the release of hydrogen ions 
from haemoglobin favours oxvgen uptake. 

Thus in addition to transporting Carbon dioxide, the 
conversion Of carbon dioxide to bicarbonate serves to 
minimize the potential change in the value of the ratio 
[CO.I/IHCO,] (and hence in hydrogen ion concen- 
tration) betwéen artérial and venous blood, However, 
although ervthrocytes are à source of bicarbonate, they 
can only produce bicarbonate 1f the hydrogen ion pro- 
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Fig. 5.1 
Carbon dioxide is converted into carbonic acid in ervthrocytes; thus 
disseciates to form bicarbonate, which diffuses into the plasma in 
exchange for chloride and hydrogen ions, which are buffered by 
haemogiobin. In the alveolt, the reverse process literates carbon dioxide. 


Transport and buffering of carbon dioxide in ervihrocytes. 


duced simultaneously can be buffered. There is clearly a 
limit to the extent to which this can occur, imposed by 
the buffering capacity of haemoglobin, so that this mecha- 
nism can have only a limited role in the correction of an 
acidosis. The way in which such correction is achieved 15 
considered in a later section. 

Other proteins Although plasma proteins buffer 
hydrogen ions, their molar concentrations are lower than 
that of haemoglobin and their buffening capacity 1s less, In 
contrast, intracellular and tissue proteins make an impor- 
tant contribution 10 buffering. In chronic acidosis, they 
may contribute up to once thurd of total buffer capacity. 

Ammonia Itis often stated that ammonia is an im- 
portant buffer in the urine, combining with hydrogen ion 
to form the ammonium ion. This cannot be true. Ammo- 
nium is a very weak acid, with an equilibrium constant 
approximately 100 times lower than physiological hydro- 
gen ion concentration so that almost all the ammonmia 
in the body is already in the form of the ammonium lon. 
The unnary excretion of ammonium is of relevance to 
hydrogen ion homoeostasis because it represents a roule 
for the disposal of ammonmum which, unlike urea synthe- 
sis, doës not result in the generation of hydrogen ions (see 
pp. 66-68). 


Hydrogen ion turnover 


The fact that on a norrmal diet the daily excrenion of 
hydrogen ion by the kidnevs (the only physiologicallv im- 
portant route of excretion) is 40-80 mmol tends to dis- 
tract from the fact that there is a massive endogenous 
tumover Of hydrogen ion. In the resting adult, inter- 
mediars metabolism accounts for a hydrogen ion turnover 
of 2500-3000 mmoÿ/24 h (Table 5.1). 

Normally, the rates of hydrogen ion formation and 
utlizanon during mtérmediary metabolism are in overalf 
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balance, although any discrepancy can have a major effect 
on hydrogen ion concentration. But even thus turnover 
of hydrogen ion appears insignificant in comparison with 
that which is associated with the turnover of adenine 
nucleotides, the movement of hydrogen ions which takes 
place across the mitochondrial membrane during oxida- 
tive phosphorylation and the synthesis and hydrolysis of 
ATP, This has been estimated at 500 mol/24 h. The po- 
tential for a disturbance in thesé processes to Cause an 
acidosis is clearly colossal, although in health the rates of 
adenine nucleotide reduction and oxidation and of ATP 
formation and utilization are equal, so that these processes 
have no net effect on hydrogen ion homoeostasis. This 
may not, however, be true in disease. 

As a result of oxidative metabolism carbon dioxide is 
produced and excreted by the lungs. The rates of forma- 
ton and excretion are normally equal, but carbon dioxide 
can combine wich water to form carbonic acid and the 
daily production of carbon dioxide in a resting adult is a 
potential source of approximately 20 mol of hydrogen 
ion, Às has been alluded to, disorders of the excretion of 
carbon dioxide are an important cause of abnormalities 
of hydrogen ion homocostasis. 

Tendencies for hydrogen ion concentration to change 
can be limited to some extent by buffering, but this proc- 
ess can only offer a temporary solution to an imbalance 
berween the rates of hydrogen ion production and dis- 
posal because the body's buffers have a limited capacity. 
Physiological processes often bring about a partial reversal 
of a change in hydrogen ion concentration (compensation, 
see below) but ultimate correction of any disturbance re- 
quires equalization of the rates of production and disposal 
of hydrogen ion. 


Hydrogen ion production 


The processes involved in hydrogen ion production and 
utilisation are summarized in Table 5.1. They comprise: 
processes involving carbon dioxide formation; reactions 
of intermediary metabolism; and processes involving 
‘fixed’ acids. In addition, and responsible for the bulk of 


hydrogen ion turnover, are the reactions involved in the 
complete oxidation of energy substrates. These processes 
are interlinked, but it is instructive to consider them 
separately. 

Carbon dioxide The role of carbon dioxide in réla- 
tion to the formation of hydrogen ion has been mentioned 
above. Carbon dioxide, produced by oxidative metabo- 
lism, can become hydrated to carbonic acid, a weak acid 
which partly dissociates to hydrogen ion and bicarbonate: 


CO, + H,0 + H,CO, ++ H°' + HCO, (9) 


The equilibrium for this reaction strongly favours carbon 
dioxide and water, but in tissues which contain carbonate 
dehvdratase the rate of formation of carbonic acid is 
increased and it can become an important source of 
bicarbonate and hydrogen ion. 

Incomplete metabolism of glucose: glycolysis and 
lactate metabolism The most familiar process of inter- 
mediary metabolism that results in the formation of hydro- 
gen ion is anaerobic glycolvsis, the metabolism of glucase 
to lactate, The overall equation for this reaction 1s: 


C,H,:0, = 2 CH,CHOHCOO + 2H 
Glucose Lactate 


This process, which takes place particularly in skeletal 
muscle and erythrocytes, results in the formation of ap- 
proximately 1.3 mol of hydrogen ion per 24h in a 70 kg 
man at rest. The major route of disposal of lactate is glu- 
cose synthesis by gluconeogenesis in liver and kidney. The 
overall equation for this process is the reverse of that for 
glycolysis; although most enzymes involved are common 
to both pathways, some are unique. Gluconeogenesis thus 
consumes hydrogen ions. In health, lactate production 
and disposal are equal and s0, 100, are the production 
and disposal of hydrogen ion by these pathways. At rest, 
most of the lactate produced is converted back to glucose; 
during exercise, when lactate production is increased, 
50% or more is instead completely oxidized, This process 
also consumes the hydrogen ions that are generated in its 
production and results in the formation of carbon dioxide 
and water: 


(10) 


CH, CHOHCOO + H° + 3 O0, = 35 CO, + 5 HO (11) 
Lactate 


Thus, when lactate production and utilizatuion are in 
balance, there is no net production of hydrogen ion. 
However, in disease states, an imbalance between these 
processes can be responsible for the development of 
acidosis, 

The hydrogen ion generated m lactate production will 
be bufféred principally by bicarbonate so that Equation 10 
could be written: 


C,H,.0, + 2 HCO, = 2 CH,CHOHCOO + 
2 CO, + 2 H,0 (12) 


Clearly the reverse reaction, gluconeogenesis, Will regen- 
érate the bicarbonate and Equation 11 can be rewritten 
to show that this also occurs with complete oxidation of 
lactate: 


CH,CHOHCOO + 3 O, = 2 CO, + 
HCO, + 2 HO (13) 


Incompiete metabolism of triglycerides: keto- 
genesis The lberation of free fatty acids from tri- 
glycenide (triacyiglycerol} in adipose tissue results in the 
generation of hydrogen ions. The process is exemplified 
by the couanon: 

(CH, (CH.,),COO).R + 3 HO — 
Tniglyceride 
3 CHACH.),COO + R(OH}, + 3 H° 
Free farty acid Glvcerol 


(14) 


In the hver and adipose tissue, free fatty acids can be 
re-esterified to triacyiglycerol, a process which consumes 
three hydrogen ions for each molecule of triacylgiycerol 
synthesized. The further metabolism of free fatty acids to 
ketones in the liver (ketogenesis) also results in hydrogen 
ion production. An example of the reaction, starting from 
palmitate, 18: 


CH, (CH.),,C0O + 6 O, = 2 CH,COCH,COO + 


Palmitate Acetoacetate 
2 CH,CHOHCH,COC + 2H,0 + 53H (15) 
2-Hvdroxvbutyrate 


In health, this process may account for up to 0.4 mol 
hydrogen 1on per 24h, although in pathological states its 
contnbution may be much greater, However, ketaacids 
arc utilized as energy sources by skeletal muscle and other 
issues. Their oxidation consumes hydrogen ions 50 
that, in health, the rates of hydrogen ion production and 
disposal are equal: 


CH,COCH.COO + H° + 4 0, = 3 H,0 + 4 CO, (16) 
Aceétoacetate 
2 CH,CHOHCH,COO + 2H° + 9 O, — 
2-Hydroxybutyrate 


8 H,0 + 8 CO, 7) 
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In disease, notably in diabetic ketoacidosis, excessive 
kertogenesis is an important cause of acidosis. 

Complete oxidation of glucose and triglvcerides 
Cucose can also be completely oxidized to carbon diox- 
ide and water; indeed, this is the major route of glucose 
metabolism in the body. 


C.H,,0, + 6 O = 6 CO, + 6H,0 (18) 


This is a complex process: oxidation is indirect, involving 
the transfer of hydrogen ions 10 adenine nucleorides, 
whuch are mainly reoxidized by the mitochondrial electron 
transport system. Electrons are transferred to oxygen and 
combination with hydrogen ions produces water, while 
the energy released is transferred to ATP, But as Equation 
8 indicates, the complete oxidation of glucose ro carbon 
dioxide does not give rise to net formation of hydrogen 
ion; the products of its oxidation are carbon dioxide and 
Water. 

The same is true for the complete oxidation of 
triacyiglycérols: 


[CH,(CH,),,C00!], CH, + 724 O, = 51 CO, + 49 H.0 
Tripalmitoyliglycerol (19) 


As with glucose oxidation, the process is far more com- 
plicated than appears from Equation 19, again involv- 
ing the reduction of nucleorides, transfer of electrons to 
molecular oxygen, formation of water and trapping of 
energy in ATP, but the net production of hydrogen ion 
is Zero. 

Amino acid metabolism Amino acid metabolism 
both produces and consumes hydrogen ions, according to 
the type of amino acid concermned. The metabolism of 
neutral amino acids eventuallv results in the formation 
of urea and carbon dioxide, for example: 


2 CH,CHNH,'COO + 6 ©, = CO(NH) , + 
Aïanine Urea 


sC0.,+5H0 (20) 


Ît is instructive, however, to look at this process in more 
detail. Most armino acids are metabolized by transamina- 
on in the liver to vield the Corresponding oxoacid, the 
amino group being transferred 10 2-oxoglutarate 10 form 
glutamate. Glutarmate undergoes oxidative deamination, 
the amino group being converted to ammonium. The car- 
bon skeletons of amino acids are in general glucogenic. 
although some are ketogenic. Ultimately they will be 
completely metabolized. Omitting the transamination 
step, the intermediate stages are: 


2 CH,CHNH;,'COO + 0, = 2 CH,COCOC + 2 NH.' 
Alanine Pyruvate (21} 


2 CH,COCOO + 5 O0, + 2H° 6 CO, +4H0O (22) 
CO, + 2 NH + CO(NH.), + HO +2H° (23) 
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Thus, aithough urea synthesis generates hydrogen ions, 
these are utilized during the metabolism of the carbon 
skeleton so that the metabolism of neutral amino acids 
does not result in mer generation of hydrogen ions provided 
that the mitrogen is converted into urea. If this does not 
occur, the metabolism of these amino acids consumeés 
hydrogen ions. lhe relevance of this is discussed in a later 
section cf this chapter. 

The complete oxidation of a dibasic amino acid results 
in the generation of hydrogen ion, e.g. for lysine: 


NH'CH.(CH.,LCH (NH,9CO0O + 7 O, = 
Lysine 
CONH.) , + 5 COQ, + 5 HO +H' (24; 


The complete oxidation of à dicarboxylic acid consumes 
hydrogen ions, e.g. for aspartate: 


2 COOCHINHS)CH.COO + 2 H° — 
Aspartate 


CO(NE,) , + 6 CO, + 5 HO (25) 


The complete oxidation of sulphur-containing amino 
acids (cysteine, methuonine) generates hydrogen tons, €.g. 
for methionine: 


2 CH,S(CH,),CH (NH,')COC + 15 O, — 
Methionine 


CO(NEHL), + 9 CO, + 7 HO + 4H°+2S0 (26) 


In each of these last threc examples it has been assurmed 
that the end-product of the amino nitrogen is urea. If it 
is not, the effect on hydrogen ion metabolism may be 
different, 

Overall, the amino acid composition of dietarv protein 
and the manner of amino acid metabolism is such that in 
health there is a small net production of hydrogen ion. 
This is disposed of primarily by renal excretion. 


Hydrogen ion excretion 
Carbon dioxide 


Carbon dioxide is excreted via the lungs. The respiratory 
control mechanisms are exquisitely sensitive to carbon di- 
oxide so that in health (provided that no conscious effort 
results in under- or overventilation) the rate of carbon 
dioxide élimination 1 made equal to the rate of produc- 
tion and blood carbon dioxiie concentration remains 
constant, 


Hydrogen ion 


Excess hydrogen ions arc excreted in the unne and, 
because overall the body is a net producer of acid, the 
urine is usually acidic. Burt before thé urine can be acidi- 
fed, there must be complete reabsorpnon of filtered 
bicarbonate. 


Hicarbonate reabsorption The glomeruiar filtrate 
contains bicarbonate at the same concentration as the 
plasma, Normalls, the unne is virtually bicarbonate-free 
and clearly, were the flrered bicarbonate not te be 
reabsorbed, the bodv’s bicarbonate pool, and thus buffer- 
ing capacity, would rapidly be depleted. Generation of bi- 
carbonate from carbon dioxide and water necessanily also 
involves the production of hydrogen ion. 

The luminal membrane of renal tubular cells 15 rela- 
tively impermeable to bicarbonate, so that filtered bicar- 
bonate cannot be reabsorbed directly, Instead, carbomic 
acid is generated from carbon dioxide and ‘water in renal 
tubular cells (catalysed by carbonate dehydratase) and 
dissociates into hydrogen ion and bicarbonate; the former 
crosses the lurninal cell membrane in exchange for acuvely 
reabsorbed sodium and reacts with filtered bicarbonate, 
generating carbon dioxide, This can diffuse into tubular 
cells and, together with the carbon dioxide produced by 
aérobic métabolism, provides the substrate for the contin- 
ued formation of carbonic acid. Although the equilibrium 
for the reaction favours carbon dioxide and water, the 
presence of che catalvst, and the conunual removal of hy- 
drogen ion, drives the reaction in the direction of hydro- 
gen ion and bicarbonate formation. The bicarbonate 
formed accompanies sodium as it :s pumped across the 
basal membrane of tubular cells into the interstitial fluid. 
The net effect 1s the reabsorption of filtered bicarbonate, 
with an cquivalent amount of sodium. In health, bicar- 
bonate ‘reabsorption” is complete in the proximal renal 
tubule. This process is summarized in Figure 5.2. 

Hydrogen ion excretion When bicarbonate reab- 
sorption is complete, continued production of hydrogen 
ion by renal tubular cells and its movement into the tubu- 
lar fluid will constitute net hydrogen 1on excretion, There 
is, however, a limit to the acidity af urine that can be 
achieved. This is à pH of spproximately 4,5, equivalent to 
a hydrogen ion concentration of 38 umoVL. This repre- 
sents a thousandfold concentration gradient with respect 
to the extracellular fluid, but clearly excretion of hydrogen 
ion itself is insufficient 10 remove the burden of acid 
produced by metabolic processes, which is measured in 
mmoles. Significant acid excretion is achieved by hydro- 
gen ion being buffered by phosphate, titrating the mono 
hydrogen to the dihydrogen ion, It should be noted that, 
since the formation of hydrogen lon in renal tubular cells 
is accompanied by the production of an equal amount of 
bicarbonate, the process of hydrogen 16n excretion regen- 
crates bicarbonate that is consumed by bufflenng. This 
process 1s summarized in Figure 5.3. 

The role of urinary ammonium excretion 
Although the urine contains ammonium, and indeced the 
amount excreted increases in states of chronic acidosis, 
this cannot, for the reasons indicated above, constitute 
net hydrogen ion excretion. Ammonium is produced im 
renal tubular cells by che acaon of the enzyme glutami- 
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Proximal tubuiar cell 


CO, + HO STRESS, 4,0, 
+ 


Fig. 5.2 Regbeorprion of Miered bicarbonate. 
Bicarbonate rons cannot be directly reabsorbed, Instead, 
hydrogen ions and bicarbonate are generated from 
carbon dioside in tubualar cells; the hydrogen ions are 
secreted into the tubuler lumen in exchange for sodium 
and utrate the flrered bicartumate, Some of the carbon 
diode thus formed diffuses mto renal tubular celle. 
The bicarbonate formed in the cells accompanses 
sodium as dt is pumped into the intersutial fluid and 
thence resuches the plasma. 


Fig. 5.5 Renal hydrogen von excretion, Cartsonic acid ts 
generated from carbon dioxide and water and dissociates 
into hydrogen ions and bicarbonate. The hydrogen sons 
are secreted into the tubuiar lumen in exchange for 
sodium, where es Utrate monohydrogen phosphate to 
dihydrogen phosphats. Bicarbonate and sochiumi ions are 
pumped from the celle into the inrersutisl fluid and 
thence reach the plasma. 
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nase on glutamine, the amide of glutarnic acid (Eqn 27), 
and the oxidative deamination of gluramate by glutamate 
dehydrogenase (Eqn 28). 


NH,CO(CHL.CH(NH,")COO + H,0 — 
Glutamine 
COO0 {CH.,LCHNH.")CO0 + NH,' (27) 
Grlutamate 


COO (CH. CHINH;, )COO + NAD' + H,0 = 
COO (CH),COCOO + NADH + NH, +H° (28) 
2-Oxoglutarate 


Glutamate is formed by transamination of 2- 
oxoglutarate with other amino acids, à process that does 
not involve hydrogen ion production or utilization, and 
the equation for glutamine synthesis is the reverse of 
Equarion 27, Thus glutamine synthesis is an alternative to 
urea synthesis (Eqn 23) as a mechanism for the disposal of 
ammonium, but one which does not produce hydrogen 
ions. Although subsequent urinary ammonium excrétion 
appears to be a means whereby hydrogen ion can be 
excreted in a buffered form, it does not represent direct 
excretion of hydrogen ion; rather it is a process through 
which nitrogen can be excreted without the concomitant 
generanion Of hydragen ion. And as indicated in Equations 
27 and 28, the production of ammonium from glutamine 
also vields 2-oxoglutarate; this is a substrate for gluconeo- 
genesis, a process which consumes hydrogen ions. 

ln acidons, hepatic ureagenesis is decreased while 
glüutamine synthesis is increased; in the kidneys formation 
of ammonium from glutamine, urinary ammonium excre- 
tion and gluconeogenesis are all increased, The net result 
is a decrease in hydrogen ion formation and an mcrease 
in bicarbonate generation, both of which tend to correct 
the acidosis. Renal ammonium excretion is ilustrated in 
Figure 5.4. 

The lumninal membrane of renal tubular cells is actually 
impermeable to ammonium but is permeable to ammo- 
nia. Continued diffusion, from renal tubular cells into 
the tubular lumen, of the small amounts of ammonia in 
equilibrium with ammonium results in continued forma- 
tion of ammonia from ammonium. In the lumen of the 
nephron, this ammonia is immediately convertéd back 
to ammomtium. This process does not entail mer excretion 
of hydrogen ions; indeed, the #et result is thé same as 1f 
ammonium svere transported directly. 


Summary 


There are thus three organs principally involved in hydro- 
gen ion homocostasis: the lungs, the liver and the kidnews. 
Extracellular hydrogen ion concentration depends on the 
ratio PCO-/[HCO, 1, The respiratory centre is exquisitely 
sensitive to arterial PCO, and, given normal respiratory 
function, PCO, à maintamed within parrow Emits by 





Fig. $,4 


Renal ammonmum excretion. Ammonium is formed direcdy 
from glutamince and glutamate and ss excreted nn the unne. There is no 
net excretion Of hydrogen sou. This process 18 accommpanied by the 
formation of axoglurarate, which can undergo gluconrogenesis, and 
results in thé consumption of hydrogen ions which can be produced 
with bicarbonate from carbonic acid. 


changes in the rate and depth of respiration. It has been 
calculated that cessation of carbon dioxide excretion 
would lead ro potentialiy fatal acidosis within 30 minutés 
(although this is purely hypothetical since the accompanys- 
ing failure in oxvgen supply would be fatal before this 
tiré). 

There has been considerable debate about the relative 
importance of the liver and the kidneys in hydrogen ion 
homoeostasis. As indicated above, the liver has a central 
role in the producrnion and utilization of hydrogen ion yet 
an abnormal hydrogen ion concentration is an uncommon 
finding in patients with liver failure unless this is severe or 
there is accompanying renal disease. But this should not 
be surprising, since 11 15 well known that the liver has sub- 
stantial reserve capacity and functional impairment may 
only occur with massive liver damage. There is certainly 
evidence that acid-base status has a controlling influence 
on hepatic urea synthesis and glurtamine synthesis, and 
also for effects of acid-—base status on lactate and ketore 
metabolism. 

While the lungs can excrete carbon dioxide and the 
liver can utilize hydrogen ions in metabolism, only the 
kidneys can excreté hydrogen ions from the body, In 
terms of the total rumover of hydrogen ion, the amount 
excreted this way is small. Nevertheless, it is vitaily impor- 
tant and a failure of renal hydrogen ion excretion does 
lead to acidesis, although even in acute renal failure unac- 





companied by other reasons for acidosis it can take several 
davs before the acidosis alone becomes severe. 

When any one of abnormal respiratory, hepatic or renal 
function leads to the development of acidosis or alkalosis, 
changes in the others may ameliorate the effect on arterial 
hydrogen ion concentration. The compensatory hyper- 
ventilation séen in patients with non-respiratory acidosis 
is an example of this, Such compensatory processes are of 
vital importance in disturbances of hydrogen ion homoc- 
ostasis and are discussed in relation to the specific condi- 
tions in which they occur. However, it is important 10 
appreciate that aithough they may restore an abnormal 
hvdrogen ion concentration to, or at least towards, normal, 
they do not correct the underlying disturbance. 


THE ASSESSMENT OF ACID-BASE STATUS 
Clinical assessment 


None of the clinical features of acidosis and alkalosis are 
specific 16 these disturbances and they may anyway only 
be present when the disturbances are severe, The condi- 
tions which give rise to acidosis and aikalosis may have 
specific features but, while clinical assessment is im- 
portant in patients with disturbances of hydrogen ion 
homoeostasis, laboratory investigations are vital for their 
diagnosis, assessment of severity and for monitornng 
DrogTess. 


Laboratory assessment 
Hydrogen ion concentrarion and PCO, 


Meéasurernents of artenal blood hydrogen ion concentra- 
tion (strictiy, activitv) and PCO, are fundamental to the 
assessment Of acid-base status, Analysers may express 
hvdrogen ion concentranon as pH, but the SI unit is con- 
centration and the use of concentration greatly facilitates 
data interpretation. 

Since the hydrogen ion concentration is determined by 
the ratio of PCO, to bicarbonate concentration, bicarbo- 
nate concentration is not an independent variable and a 
knowledge of it 1s not necessary for the characterization of 
acid base disorders, Analvsers calculare bicarbonate from 
PCO., [H°] and K°/, using the formula given in Equation 
7. However, although K/° is supposedly a constant, there 
is evidence that it can vary unpredictablv, particularly in 
severely 1ll patients. 

J'rue bicarbonate concentration is not readily measur- 
able, Most laboratory measurements of ‘bicarbonate’ are 
in fact measurements of total carbon dioxide (TCO,), to 
which bicarbonate makes by far the greatest contribution, 
but which also measures dissolved carbon dioxide, car- 
bonic acid and Carbamino compounds {histidine residues 
in proteins which have combined with carbon dioxide). 
Together, ail these other species contribute only about 
10% to the TCO.. 


HYDBOGEN ION HOMOEOSTASIS AND TISSUE OKXYGENATION 69 


Derived 1enits 


Analysers which measure hydrogen i6n concentration and 
PCO, are generically rermed ‘blood gas analysers'; they 
also measure PO, and may provide other information of 
value in détermining arterial oxygen content, They also 
frequentiy generate various derived terms including 
‘standard bicarbonate’ and ‘base excess’, These are calcu- 
lated terms and add nothing to the characterization of 
disorders of hydrogen ion hormoeostasis beyond what can 
be determined from consideration of [H*] and PCO.. 

As will be seen, bicarbonate can be affected by both 
réspiratory and non-respiratory disturbances. The stand- 
ard bicarbonate is the bicarbonate concentration that 
would be expected in a particular blood sample were the 
PCO, to be normal, It supposediy eliminates any contri- 
bution by a respiratory disturbance 50 that an abnormal 
standard bicarbonate is taken as indicating the presence 
of a non-respiratory disturbance of hydrogen ion homoec- 
ostasis. The base excess is the calculated amount of acid 
in mmols that would have to be added to L litre of the 
patient’s blood to restore the hydrogen ion concentration 
to normal in an alkalosis (the base deficit is the corre- 
sponding figure for alkali in an acidosis), The calculation 
of these derived variables makes unswarranted assump- 
ons and the data themselves can confuse, rather than 
facilitate, che analvsis of clinical disorders. The only 
measurement required in addition to PCO. and [H*] to 
derive these units 15 the haemoglobin concentration. 
Since, therefore, derived units do not incorporate any 
other independent measurements of acid-base status, it 
follows that they cannot provide any information that 
cannot be derived from the measured variables alone. 


Anion gap 


The anion gap 1s the sum of the concentrations (in mmol/ 
L) of the rwo major cations in plasma minus those of the 
wo major anions, 1€, ((Na'l + [KP - ([CT] + [HCO, 1). 
The votal concentration of anionic charge in plasma 
must équal the concentration of Catiomic charge; the anion 
gap reflects mainly the anionic nature of most proteins 
in plasma at physiological hydrogen ion concentration, 
although phosphate and other anions make à small contri- 
bution. Its normal value is related to the concentrations 
of the species which determine 1 and is approximately 
15 mmol/L. 

Determination of the anmion gap can be of help in deter- 
mining the cause of a non-respiratory acidosis. When 
acidosis 1s due to loss of bicarbonate (e.g. renal tubular 
acidoses, loss of bicarbonate from the gut), there is in- 
creased renal chloride retention; the lost bicarbonate is 
réplaced by chlonde and the anion gap is unaffected. On 
the other hand, when acidosis is due to excess generation 
of acids, the associated anions (e.g. lactate}) replace bicar- 
bonste as this is consumed by buffering and the anion 
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gap is increased. In practice, determination of the anion 
gap is only likely to be helpful if the cause of the acidosis 
is not already obvious. For its calculation, the plasma 
chloride concentration must be known and in the United 
Kingdom this must often be requested individually, rather 
than being available as part of a profile of tests. Also, 
the imprecision of the value of the anion gap, summating 
as it does the individual imprecisions of the measure- 
ments of the analytes that are required to calculate it, is 
considerable. 


Other tests 


Other biochemical measurements may be of value in the 
assessment of disorders of hydrogen ion homoecostasis 
under certain conditions, for example in patients with 
diabetes, in neonates and in poisoned patients. These 
measurements are discussed in the sections which follow. 


DISORDERS OF HYDROGEN ION 
HOMOEOSTASIS 


Non-respiratory acidosis 


This disorder can develop as a consequence of an imcrease 
in the rate of generation of hydrogen ions, a decrease in 
the rate of utilization or excretion, or a decrease in buffer- 
ing capacity. In individual cases, more than one of these 
may be involved. 

A list of some of the causes of non-respiratory acidosis 
is given in Table 5.2. Frequently, more than one cause 
may be contributing to the acidosis in an individual pa- 
tient. Many of these conditions are discussed in detail 
in other chapters of this book; the reasons why they can 
cause acidosis should be evident from the first section of 
this chapter. Some conditions of particular interest are 
discussed later in this section. Although many of the 
conditions causing acidosis have distinct clinical fearures, 
some of the features of acidosis, and of the body's re- 
sponse to 1t, are common to them all. 


Compensatory responses in non-respiratory acudosis 


Buffering À tendency for hydrogen ion concentra- 
tion to increase will be resisted by buffering and bicarbo- 
nate concentration will tend to fall. In the early stages of 
a condition that causes acidosis, buffering, together with 
increased renal hydrogen ion excretion and bicarbonate 
regeneration, prevents the development of a significant 
rise in hydrogen ion concentration, but 1f the rate of excre- 
tion exceeds the rate of production, bicarbonate concen- 
tration will fall and a sigmificant rise in hydrogen ion 
concentration will ensue, 

In chronic acidosis, buffering of hydrogen ion by tissue 
proteins plays an important part in limiting the rise in 
hydrogen ion concentration. 








| Lactic acidosis* | 
hypoxic (type A) | 
other causes (type B, see Table 5,4) 
Porsoning* 
__ slcohols 
| Uraemic acidosis” | 
 Renal vubrular acidoses types 1 and 4 (see Table 5.5) | 


 Predominant gain af acid | 
| Ingestion of strong acid | 
: Ingestion/infusion of ammonium chloride 

_ Intravenous feeding with excess cationic amino acids 


Predonminat loss 0f base 
| Gastrntestinal loss 


| CARE dt tt IN doit en, 
NB In many instances, more than one mechanism may contribute 
| to thé acidosis. 





Hyperventilation  Provided that respiratory function 
and its control are normal, acidosis stimulates ventilation 
through effects on aortic and carotid body cherno- 
receptors and directly on the respiratory centre. Kussmaul 
breathing — deep, sighing respiration — is characteristic of 
non-respiratory acidosis. The effect is to lower the PCO,, 
which tends to lower the hydrogen ion concentration 
towards normal. Hyperventilanion itself generates carbon 
dioxide and there is a lower limit to the PCO, that can be 
obtained by hyperventilation (approximately 1.6-1.8 kPa). 
Many causes of non-respiratory acidosis are progressive 
conditions and the acidosis may be so severe that respira- 
tory compensation cannot normalize the hydrogen ion 
concentration. However, when the acidosis is only mild, a 
new steady state may be achieved in which hyperventila- 
tion maintains a hydrogen ion concentration that is only 
slightiy higher than normal. 

The respiratory compensation for non-respiratory 
acidosis develops rapidly, so that the predicted changes 
of a ‘pure’, that is uncompensated, non-respiratory acido- 
sis (elevated blood hydrogen ion concentration, decreased 
bicarbonate and normal PCO,) do not occur. However, 
compensation may take several hours to become maximal. 
This is because carbon dioxide equilibrates more rapidly 
across the blood-brain barrier than bicarbonate. Initial 
hyperventilation lowers CSF PCO, and thus hydrogen ion 


concentration and tends to counter the sumulatnon of 
respiration by peripheral chemoreceptors. Only as CSF 
bicarbonate concentration falls will its hydrogen 1on con- 
centration rise and augrmient the respiratory drive, The 
reverse phenomenon may be seen 1f rapid correction of 
an acidosis is attempted. 

In patients with respiratory impairment, the efficacy of 
the compensatory process may be greatly reduced. 

Renal hydrogen ion excretion  Provided that renal 
dysfunction is not the cause of acidosis and renal function 
is not compromised, the urine hydrogen ion concentration 
rises to its maximum possible value, Filtered monohydro- 
gen phosphate is titrated virtually completely to dihydro- 
gen phosphate and there is a considerable increase in 
ammonium eéxcrétion, this may increase fivefold or 
more. Às has been discussed above, sithough it has been 
widely considered that this represents the excretion of 
buffered hydrogen ion, it is more accurate to consider 
renal ammonium excretion as representing an alternative 
pathway for ammonium disposal, decreasing the amount 
that is converted into urea with concomitant generation 
of hydrogen ion. Acidosis inhibits urea production and 
sumulates renal ammonium production, while glutarmmi- 
nase, the enzyme responsible for the formation of amme- 
ruum from glutarmune, is mduced in Chronic actdosis. It is 
noteworthy in thus respect that renal gluconeogenesis, 
which provides a pathway for the utilization of the 
2-oxoglutarate derived from the carbon skeleton of 
glutarnine, 1s increased in acidosis, 


Biochemnical characterisnes of non-respiratory acidosts 


The cardinal features of a non-respiratory acidosis are an 
elevated blood hydrogen ion concentration and a decrease 
in bicarbonate, Hyperventilation results in a decrease in 
PCO.. The extent of the change in PCO, predicted for a 
given decrease in bicarbonate 1s discussed in a later sec- 
uon, Comparison of the observed change with the pre- 
dicted change can indicate whether there is an additional 
component 16 the acid—base disturbance. 

In addition t6 these changes, other consequences of 
acidosis, especially hyperkalaemia, may be present, 
together with any specific features of the cause of the 
acidosis. 


Svystemic effects of acidosis 


Many of the systemic effects of acidosis are common to 
acidosts of whatever cause. The effects on the cardio- 
vascular system, oxvgen delivery to tissues, the nervous 
system, potassium homocostasis and bone are of particu- 
lar significance, Acidosis also has important effects on 
intermediary metabolism. 

The cardiovascular systerm  Acidosis has a negative 
inotropic effect, although this is probably only of signi- 
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ficance in severe acidosis. Acidosis Causes arteriolar 
vasodilatation and constriction of peripheral veins, but in 
many forms of acidosis these responses are obscured by 
other influences on vasomotor tone. 

Oxygen delivery to tissues Acidosis causes a nght 
shuft in the oxvhaemoglobin dissocianon curvé (the 
Bohr effect, see p. 84) and this facilitares oxygen delivery 
to tissues. An increase in hydrogen ion concentration 
decreases ervthrocyte 2,3-diphosphoglycerate (2,3-DPG) 
concentrations through effects on both synthesis and 
breakdown; this causes a left shift in the curve, but 
whereas the Bohr effect is immédiate, the fall im 2,3-DPG 
takes place over a matter of hours, The reverse is also true: 
so, 1f hydrogen ion concentration 1s restored to normal 
rapidly, oxvgen delivery will be compromised until 2,3- 
DPG concentrations are restored to normal. This is a po- 
tential hazard if an attempt is made to correct an acidosis 
rapidly by the intravenous infusion of bicarbonate, 

The nervous system Patients with acidosis can 
demonstrate impaired consciousness of varying degrees 
of severity, but there 1 little correlation between this and 
the séverity of the acidosis. In many patients with acidosis 
other factors are operating which may affect CNS func- 
uen and changes in blood flow and oxygen delivery 
secondary to the acidosis may be relevant also. 

Potassium homoeostasis There is a well-known 
association berween acidosis and hyperkalaemia, owing to 
a movement of potassium lions from the intracellular 
to the extracellular compartment, possbiy in relation to 
intraccilular buffenng of hydrogen ion. It is of practical 
importance Lo note that total body potassium stores are 
frequently depleted despite the high plasma concentration 
and treatment of the acidosis may cause hypokalaermia 1f 
potassium is not replaced, 

Bone In chronic non-respiratory acidosis, there is sig- 
nificant buflering of hydrogen ion by bone, accompanied 
by decalcification, leading to a negative calcium balance. 
This ts one factor conmbuting to renal osteodvstrophy, 
the bone disease of chronic renal failure. 


Management of non-respiratorv acidosis 


The logical management of a non-respiratory acidosis is to 
treat the underlying cause(s) of the disturbance appropri- 
ately. However, this may not always be possible and then, 
or 1f the acidosis itself is having a significantly adverse 
effect on the patient, it may be necessary to attempt to 
lower the blood hydrogen ion concentration by giving 
alkah. The potential advantages are the reversal of the 
effects discussed above, including the hyperventilation, 
which may be particularly distressing for the conscious 
patient. There are, however, disadvantages, Âs indicated 
above, rapid correction of an acidosis may have an adverse 
effect on oxvgen delivery to tissues. When acidosis is asso- 
ciated with the presence of organic amions (e.g. lactate, 
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acetoacetate) continued metabolism of these after cor- 
rection of the acidosis (rather than pan passu with the 
correction, as would happen if the underlying cause were 
revérsed) may, by consuming hydrogen ions, cause the 
blood hydrogen ion concentration to fall, This is a re- 
bound phenomenon and not just a direct consequence of 
excessive alkali administration. 

The alkali most frequently used when it is considered 
necessary to correct an acidosis 1s sodium bicarbonate, 
Buffering of hydrogen ions will result in the formation of 
carbon dioxide and blood PCO, may rise. Since carbon 
dioxide equilibrates across the blood-brain barrier more 
quickiy than bicarbonate, the resulting increase in CSF 
carbon dioxide may cause a paradoxical rise in CSF 
hydrogen ion concentration. This may perpetuate the 
hyperventilation even though the peripheral stimulus 
has been reduced by restoration of blood hydrogen ion 
concentration Lo normal. 

There is general agreement that in otherwise uncompli- 
cated cases of non-respiratory acidosis which have a re- 
versible cause (e.g. ketoacidosis and some forms of lacric 
acidosis) bicarbonate should usually only be given if the 
arterial hydrogen ion concentration exceeds 100 nmol/L. 
If intravenous bicarbonate is to be given, it should be 
given as a series of small quantities (e.g. 50 mmol) in 
isotonic solution (unless there is a danger of fluid over- 
load, when a hypertonic solution may be used); after each 
infusion, the patient is reassessed clinically and arterial 
[H*] and PCO, are measured. 

The use of bicarbonate in the treatment of renal tubu- 
lar acidosis is discussed on page 74. 


Specific causes of non-respiratory acidosis 


Ketoacidosis Diabetic ketoacidosis is discussed in 
detail in Chapter 14. The primary abnormahty is in- 
creased lipolysis and ketogenesis [production of aceto- 
acetic and 2-hydroxybutyric (B-hydroxybutyric) acids], 
coupled with decreased utilization of these acids. In addi- 
tion, dehydration may decrease the glomerular filtration 
rate and impair hydrogen ion excretion. Some patients 
also have a lactic acidosis (see below). 

Ketoacidosis can also occur in association with alcohol 
ingestion (see Ch. 37), typically in alcoholics one or more 
days after a drinking bout, so that ethanol may not be 
detectable in the blood at the time the acidosis becomes 
apparent. Ketoacidosis develops as a result of a combina- 
tion of factors, which are summarized in Table 5.3. The 
term ketoacidosis is a relative misnomer when applied to 
this condition; the oxidation of ethanol to acetaldehyde 
and acetate increases the [NADH//[NAD"] ratio and 
hence the ratio [2-hydroxybutyrate]/[acetoacetate], s0 
that simple tests for ketones may be negative or only 
weakly positive, 

In both types of keroacidosis, significant excretion of 
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the organic acids can occur in urine; at the lowest attain- 
able urinary hydrogen ion concentration, some 50% of 
2-hydroxvbutyrate, but only 10%% of acetoacetate, is in the 
form of the undissociated acid. Although this is advanta- 
geous in that it represents a route of buffered hydrogen 
ion excretion, the fact that the bulk of acetoacetate and 
50% of 2-hydroxybutyrate are excreted as organic cations 
has adverse consequences. It entails obligatory excretion 
of sodium and potassium as the accompanying anions, 
thus contributing to their deficits, and also removes 
substrate for the later regeneration of bicarbonate by oxi- 
dation of these anions, It is of interest that in patients with 
ketoacidosis with poor renal function (in whom less excre- 
tion of organic anions will occur) the extent of the fail 
in plasma bicarbonate concentration at the time of ad- 
mission tends to match the increase in the anion gap and 
in the plasma concentrations of organic acid anions; in 
contrast, in patients with good renal function, the anion 
gap is less and plasma chlonde concentration is imcreased. 

The non-enzymatic deécarboxylation of acetocetate to 
acetone consumes hydrogen ions but adds to the burden 
of carbon dioxide to be excreted. 

À range of other acid-base disturbances can occur in 
associauon with alcohol ingestion, In normal subjects, the 
severe hypoglycaemia that can occur when ethanol 1s 
taken after a period without food can be accompanied by 
a mild lactic acidosis. In chronic alcoholics severe vomit- 
ing may cause a non-respiratory alkalosis and continued 
ethanol ingestion can cause a lactic acidosis. 

In patients with cirrhosis, alcohol can precipitate he- 
patic encephalopathy, which is often associated with respi- 
ratory alkalosis, as a result of stimulation of the respiratory 
centre by ammonia and other nitrogenous toxins, 

Lactic acidosis Lactate is formed from pyruvate 
as the end-product of glycolvsis. Normal venous plasma 
lactate concentration is 0.6-1.2 mmol/L, tending to the 
lower end of this range during fasting and at the higher 
after meals. Concentratuions of up to 10 mmol/L can occur 


during severe physical exercise, but they fall rapidly once 
exercise ceases. Lactate is generated by glycolysis, princi- 
pally in skeletal muscle, brain, erythrocytes, the skin and 
the gut and is disposed of by gluconeogenesis im liver and 
kidney, providing thereby an important source of glucose, 
and by complete oxidation. 

Lactic acid is a strong acid and is virtually completely 
dissociated at normal physiological hydrogen ion concen- 
tration. Thus the generation of lactate is always accompa- 
med by equimolar generation of hydrogen ions. Buffering 
or other compensatory processes may prevent à significant 
rise in hydrogen ion concentration so that hyperlacta- 
taemia is not always associated with acidosis, but if the 
lactate concentration is greater than about 5 mmol/L. the 
hydrogen ion concentration is usually elevated. 

Lactic acidosis can occur as a result of either excessive 
lactate formation or decreased lactate disposal or a combi- 
nation of both. It is conventionally divided into type À, or 
hypoxic, lactic acidosis, and type B, in which hypoxia is 
not the primary event, Causes of type B lactic acidosis 
include exposure to drugs, toxins and other chemicals, 
severe liver disease and certain inherited metabolic dis- 
cases. Some of the more important causes of lactic acido- 
sis are indicated in Table 5.4, This list is not meant to be 
exhaustive; many rare conditions which have been re- 
ported to cause lactic acidosis and conditions whuch only 
occasionally cause it have not been included. 

Type À lactic acidosis is the commoner variety. It is 
due primanly to an increase in lactate formation as a con- 
sequence of tissue hypoxia, resulting, for example, from 
cardiogenic or haemorrhagic shock. Approximately half 
the lactate is produced by the gut. Decreased disposal of 
lactate is also important. Hepatic uptake and metabolism 
of lactate may be decreased in acidosis and when 
perfusion is decreased. The effects of acidosis on the 
cardiovascular system (negative inotropism and vasocon- 
striction) may further impair tissue perfusion. Although 
an acidosis-induced right shift in the oxyhaemoglobin dis- 
sociation curve may promote oxygen delivery to tissues, 
type À lactic acidosis can become self-perpetuating unless 
vigorous measures are undertaken to reverse the distur- 
bance and treat the underlying cause, The prognosis is 
poor and appears to be related directly ro the blood lactate 
concentrauon, mortality excceding 80% with a concentra- 
ton greater than 9 mmol/L. The specific treatment of the 
acidosis, e.g. by the judicious admimistration of bicarbo- 
nate, has been described above. Measures to correct the 
underlying cause are more important. 

The mechanisms of lacrate accumulation in type B lac- 
tic acidosis vary, The classic descriptions of this condition 
relate to phenformin-induced lactic acidosis; phenformin 
is à biguanide formerly used for treating non-insulin- 
dependent diabetes. It causes lactic acidosis primarily as a 
result of decreased utilization of lactate for gluconeogen- 
esis, but mcreased production may also contnbute. Lactic 
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acidosis frequently leads to shock and increased produc- 
tion may then become the predominant mechanism. 

The inherited metabolic diseases shown in Table 5.4 
are a useful paradigm to illustrate the mechanisms which 
can lead to the accumulation of lactate (Fig. 5.5). Two 
reactions in the glycolytic pathway are not simply revers- 
ible for gluconeogenesis. Both fructose 1,6-diphosphatase 
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Fig. 5.5 Key reactions in glycolvsis/gluconeogenesis, Inherited 
metabolic diseases affecting the enzymes mdicated can cause lactic 
acidosts, by bloclung gluconeogenesis (fructose 1,6-diphosphatase and 
pyruvate decarboxviase deficiencies), pyruvate oxidation (pyruvate 
dehydrogenase deficiency) or by increasing glycolysis (glucose 
6-phosphatase deficiency). Intermediate reactions have been omitred 
for charrey. 
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deficiency and pyruvate carboxvylase deficiency involve dhe 
enzvimes which catalyse these steps in gluconeogenesis 
and thus are associated with lactate accumulation, par- 
ticularky when production is increased, for example during 
exercise, In glucose 6-phosphatase deficiency, glucose 6- 
phosphate released from glycogen cannot be converted 
to glucose and so is metabolized through the glycolvuc 
pathway to lactate, particularly when glycogenolysis is 
stimulated, eg. during fasting. Pyruvate dehydrogenase is 
responsible for converting pyruvate to acetyl coA, which 
subsequently enters the tricarboxylic acid cycle: 15 defi- 
ciency decreases pvruvate, and hençce lactaté, oxidation, 

Type B lactic acidosis used to be a well-recognized 
complication of parentéral nutrition when fructose was 
emploved as an energy source, as a result of its rapid he- 
patic uptake and conversion to lactic acid. The association 
between alcohol and lactic acid, alluded t@ above, is nat 
confined to ethanol Methanol and ethylene glycoi are 
metabohized by alcohol dehydrogenase and the reactions 
consume NAD”, whuch is then not avmlable for the lactate 
dehydrogenase reaction. Parucularly with ethylence glycol 
poisoning, other acids (e.g. glycolic and glyoxyhic acids) 
also contribute to the acidosis. 

Hyperlactataemia is common in patients with fulmm- 
nant hepatic failure, but in many such patients the 
oredomainant acid-basce disturbance 15 not acidosis but 
alkalosis, either respiratory (as a result of direct stimula- 
tion of the respiratory centre by toxins) or non-respira- 
torv, thought to bé caused by a decrease in uréagenésis 
such that the consumption of hydrogen ions during the 
oxidation of the Carbon skelerons of amino acids is not 
balanced by hydrogen ion formation. 

The naturally occurring isomer of lactic acid in man 
is the 1-isomer. Lactic acidosis due to accumulation of the 
D-isomer has been reported in patients with short howel 
syndrome, resulting from overproduction by the altered 
gut flora. The diagnosis may be missed since D-Jactate 
is not measured by the usual assays based on lactate 
dehydrogenase. 

Acidosis in renal disease Acidosis 15 common im 
patients with renal discase, In acute renal failure, acidosis 
is often multifactorial, Patents are often shocked and may 
have increased acid production while the failure of urine 
production prevents renal acid excretion. In chronic renal 
failure, the urine can usually be maximally acidified — that 
is, the hydrogen ion concentration can be raised (the pH 
lowered) to the sarne extent as can occur in normal mdhi- 
viduals, Individual nephrons secrète a normal or even in- 
creased amount of ammonium, but overall ammonium 
excretion is decreased., However, as has been discussed, 
urinary ammomum eéxcretion does not represent net 
hydrogen ion excretion, but 1f excretion is decreased am- 
moniumn is diverted to urea synthesis, with a consequent 
increase in hydrogen ion generation. 

Impairment of renal tubular function in otherwise 


normally functioning kKidneys 15 an important cause of 
acidosis, Three distinct syndromes of renal tubular acid- 
osis (RTA) have been described: type 1 or distal RTA; 
type 2 or proximal RTA,; and type 4 or hyperkalaemic 
RTA. Their principal characteristics are summarized in 
Table 5,5, 

Normal urinary acidification requires the generation of 
nearly a thousandfold gradient in hydrogen ion concentra- 
ion berween the blood and the lumen of the nephron and 
type 1 RTA is due to a failure to generate this gradient. It 
can be inhenited as an isolated defect or be acquired. It 
can be treated by ingestion of modest amounts af sodium 
bicarbonate (see type 2 RTA, below). Unusualls for a 
systémic acidosis, there is associated potassium wasting, 
partiy because more potassium is excreted to maintain 
electrochemical neutrality and partly because the im- 
paument of hydrogen ion excretion impairs sodium 
reabsorption and may lead to secondary aldosteronism, 

Type 2 RTA is due to a faflure of proximal tubular 
bicarbonate ‘reabsorptuion”, whach leads to bicarbonatuna. 
The fall in plasma bicarbonate concentration causes à sys- 
temic acidosis, but as the amount of filtered bicarbonate 
falls the amount presented to the proximal tubules for 
reabsorpuon falls and may be completely reabsorbed. 
Since the distal acidificanion mechanism is normal, excre- 
on of an acid urine 18 possible, albeit only at thé expense 
of a systemic acidosis, Type 2 RTA is usually associated 
with other abnormalities of proximal tubular function, €.g. 
glycosuria, amino aciduria, phosphaturia, and can be a 
feature of inherited diseases (classically the Fanconi syn- 
drome caused by cystinosis) or be acquired, Correction 
of the acidosis requires the ingestion of much larger quan- 
tities of bicarbonate than are required in KRTA type 1. 

RTA type 4 is associated with decreased secretion of 
aldosterone resulting from either primary adrenal disease 
or renal disease (e.g. diabetic nephropathy} in which there 
is decreased renin excretion. Ît Can also be seen in patients 
being treated with spironclactone and in syndromes of 
aldosterone resistance, and in patients treated with non- 
steroidal anti-inflammators drugs, probably as a result of 
a decrease in rénin secretion secondary to decreased renal 
prostaglandin synthesis. The acidosis is due in part to 
reduced hydrogen ion secretion secondary to decreased 
sodium resbsorption and usually responds to treatment 
with small doses of a synthetic minéralocorticoid. How- 
ever, there is also decreased ammonium excrenion and the 
fact that this, and the acidosis, may be corrected if the 
plasma potassium concentration 1s lowered without giving 
aldostérone suggests that the hyperkalaemia itself con- 
tributes to the acidosis. 


Respiratory acidesis 


This is a consequence of carbon dioxide retention. In 
health, the rate and depth of respiration are adjusted 
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precisely so that the rate of excretion matches the rate of 
formation. Carbon dioxide excretion is a complex process, 
involving the transport of carbon dioxide in the blood to 
the pulmonary capillaries, diffusion into the alveoli and 
ventilation. Ventilation is controlled by the medullary res- 
piratory centre, which receives input from peripheral and 
central chemoreceptors. Carbon dioxide retention can 
occur as a consequence of malfunction of either the 
excretory mechanism or its control. Some of the causes 
of respiratory acidosis are indicated in Table 5.6. 


Compensatory responses in respiratory acidosis 


Buffering The role of the erythrocyte in converting 
carbon dioxide to bicarbonate and buffering the hydrogen 
ion produced has been discussed above. This process is 
extremelvy effective; in health, the arteriovenous difference 
in hydrogen ion concentration is only approximately 
3 nmol/L. An increase in PCO, would be expected to in- 
crease the production of bicarbonate and hydrogen ion, 
but the amount of haemoglobin which can buffer the 
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hydrogen ion is imuited. This buffering takes place rapidly:; 
in patients with chronic carbon dioxidé retention an 
increase in renal ammonium excretion plays an important 
(albeit mdirect) part in controlling the hydrogen ion 
concentration, So, 100, does buffering by intracellular 
buffers other than haemoglobin, as occurs in chromic 
non-réspiratory acidosis. 

Hyperventilation Although the increase in PCO, 
will stimulate the respiratory centre, the underlying dis- 
case will mean that the respiratory apparatus is unable 10 
respond adequarels to thus sumulus, Therapeutic meas- 
ures to improve respiratory function may lower PCO., but 
in chronic Carbon dioxide rétention this may have un- 
desirable consequences, as 1s discussed in the section on 
treatment. 

Renal hydrogen ion excretion In sustained carbon 
dioxide retennon, renal bicarbonate reabsorprion is 
maximal and phosphate 15 excreted almost entirely in the 
dihydrogen form, There is also a marked increase in uri- 
nary ammonium excretion. This has the effect of compen- 
sating for the increase in hydrogen ion formation from 
carbon dioxide and may even restore blood hydrogen ion 
concentration to normal. It is accompanied by a further 
increase in plasma bicarbonate concentration (in addition 
to that generated directly by the erythrocyte mechanism). 
Aithough this is usually considered to be a consequence of 
increased renal hydrogen ion excretion (since bicarbonate 
is generated pars passt with hydrogen ions in renal tubular 
cells), it is probably mainly à result of diversion of ammo- 
mium from ureagenesis, requiring decreased buffenng 
by bicarbonate of hydrogen ions produced during this 
process. Practically, it is important to appreciate that this 
compensation evolves over several days of carbon dioxide 
retention. Îf an attempt is made to reduce FCO, rapidiy, 
for example by artificial ventilation, temporary perastencé 
of the compensatory process may result in the develop- 
ment of an alkalosis, 

There is a limit to which changes in renal acid excre- 
tion and in ammonium metabolism can compensate for 
an increase in PCO:: if this nses above 8 kPa, arterial 
hydrogen ion concentration will always be imcreased, 


Biochemical charactensncs af resiratory acidests 


The cardinal features of respiratorr acidosis are an in- 
creased blood PCO. and a high, or high-normasl, hydro- 
gen ion concentration; bicarbonate concentration is 
increased, The hydrogen ion and bicarbonate concentra- 
tions for any PCO, depend on the extent of the compen- 
satory increase in renal hydrogen ion and ammonium 
excretion (sce above). In an acute disturbance, the in- 
crease in bicarbonate is only of the order of 2-4 mmol/L. 
even with massive increases in PCO,, but in compensated 
disturbances the increase is much greater. 


Svstemic effects in resparatory acidosis 


In patients with respiratory acidosis, the manifestations of 
the underlving disorder and of hypoxaemia, 1f present, 
usually domimate che clirical findings, but effects due 
to acidosis and to hypercapnia may also be present. Hypo- 
Kacmia Causes bréathiessness, cyanosis and drowsiness. 
The consequences of acidosis have been discussed above. 
The effects of hypercapnia are seen predominantly in the 
central nervous and Cardiovascular systems. 

The neurological effects of Hypercapnia cover a spec- 
trum from anxiety and confusion through to impaired 
consciousness and coma, Particularly in chronic carbon 
dioxide rétention, Hheadache, papillocdema, extensor 
plantar responses and myoclonus may occur, Most of 
these effects are due to the increased cerebral blood flow 
that is a consequence of the vasodilatory action of carban 
dioxide. 

Systemic vasodilatation also occurs, but the cardiac 
output is increased so that blood pressure is usually main- 
tained. The skin 1s warm and arterial pulses are bounding. 
The acidosis may cause venous constricuion and chronic 
hypoxaemia may cause pulmenary hypertension and cor 
pulmonale, rendering the patient very susceptible to 
pulmonary oedema should intravenous fluids be given 
injudiciousiy. 


Management 


The logical management of respiratory acidosis 15 to treat 
the underlying cause and thus restore PCO, to normal. 
This may not be possible and, m chronic carbon dioxide 
rétention, 1f compensatory processes have restored the 
blood hydrogen ion concentration to normal or near nor- 
mal, it may not be necessary, In practice, the management 
of respiratory disorders is usually dictated by the necessity 
to maintain an adequate arterial PO, As mentioned 
above, rapid correction of an elevated FCO, in à patient 
with chronic carbon dioxide retention is potentially dan- 
gerous. The compensatory changes can persist for several 
hours, or even a few days, and may Cause the patient to 
become alkalouc. 

This demonstrates the fact that the compensatory 
process in à respiratory acidosis can be regardec as the 
physiological generation of à non-respiratory alkalosis, 
although the patients hydrogen ion concentration does 
not fall hejow normal, 1e, the patient docs not become 
frankly alkalotic, as long as the PCO, remains elevared. 


Non-respiratory alkalosis 


This disorder can develop because of excessive loss of 
hydrogen ion, decreased generation of hydrogen ion or 
exogenous alkali administranon. Some of the causes are 
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indicated in Table 5.7 and a selection of these are 
discussed later in this section. 

Non-respiratory alkalosis is characterized by an in- 
crease in plasma bicarbonate concentration. Since this 
bicarbonate is filtered at the glomerulus and therefore 
available for urinary excretion, the persistence of a non- 
respiratory alkalosis implies that it is perpetuated by in- 
appropriate reabsorption of filtered bicarbonate, Indeed, 
in healthy subjects, it is very difficult to produce a sus- 
tained alkalosis by the administration of, for example, 
sodium bicarbonate, whether orally or intravenously, 
because the excess is excreted in the urine. In considering 
the body’s responses to non-respiratory alkalosis, it is 
therefore necessary to take into account not only the 
underlying cause, but also the factors responsible for its 
perpetuation. Three such factors appear to be important: 


e extracellular volume contraction; 
® potassium deficiency; 
® mineralocorticoid excess. 


These are discussed further below. 


Compensation for non-respiratory alkalosis 


Buffering A fall in blood hydrogen ion concentration 
results in the release of buffered hydrogen ion and in 
consequence the blood bicarbonate concentration in- 
creases. The excess bicarbonate could be excreted by the 
kidney but, as alluded to above, this process is impeded in 
sustained alkalosis, 

Hypoventilation In a systemic alkalosis, decreased 
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stimulation of chemoreceptors would be expected to de- 
crease the respiratory drive, leading to compensatory re- 
tention of carbon dioxide. However, any increase in PCO, 
will tend to stuimulate respiration and lessen the extent of 
the acute compensatory response. With the passage of 
time, this response may increase, because the central 
respiratory centre becomes less sensitive to an increase in 
PCO,. However, hypoventilation will tend to decrease 
arterial PO, and a hypoxaemic stimulus will override any 
inhibitory effect of a low hydrogen ion concentration. 
For these reasons, the respiratory compensation for a 
non-respiratory alkalosis is usually incomplete. 

Renal bicarbonate excretion As indicated above, 
persistence of a non-respiratory alkalosis implies contin- 
ued and inappropriate renal bicarbonate reabsorption. 
This could be achieved by the combination of a fall in 
the glomerular filtration rate with maintenance of normal 
rates of tubular bicarbonate reabsorption or by enhanced 
tubular reabsorption with a normal glomerular filtration 
rate. In many patients with non-respiratory alkalosis, there 
is both a decrease in the glomerular filtration rate and 
increased bicarbonate reabsorpuon. 

A decrease in extracellular fluid volume may lead to 
a decrease in the glomerular filtration rate. If this is 
associated with chloride deficiency, the requirement to 
maximize tubular sodium reabsorption may cause an 
obligatory increase in the reabsorption of filtered bicarbo- 
nate to maintain electrochermical neutraliry. In the major- 
ity of patients with non-respiratory alkalosis, correction of 
the alkalosis follows repletion of extracellular fluid volume 
by the infusion of an isotonic sodium chloride solution. 

Non-respiratory alkalosis is frequentiy associated with 
potassium deficiency, but the fact that in these cases the 
alkalosis can usually be corrected by volume expansion 
without replacement of potassium casts doubt on the pre- 
cise role of potassium. However, potassium depletion can 
contribute to the maintenance of a non-respiratory alkalo- 
sis through an effect on bicarbonate reabsorption. Severe 
potassium depletion enhances proximal bicarbonate reab- 
sorption. Distal tubular sodium reabsorption takes place 
in exchange for potassium and hydrogen ions; particularly 
when there is enhanced distal sodium reabsorption, potas- 
sium depletion may result in an increased secretion of 
hydrogen ions into the tubular fluid. 

The third factor which can maintain a non-respiratory 
alkalosis is an increase in mineralocorticoid activity, This 
promotes distal tubular sodium reabsorption and results 
in increased excretion of both potassium and hydrogen 
ion. The effect is potentiated by potassium depletion, in- 
creased distal sodium delivery (as with diuretic treatment) 
and by the presence of non-resorbable anions, which 
accentuate the negativity of the luminal aspect of tubular 
cells. Increased mineralocorticoid secretion can occur 
secondarily to extracellular fluid volume contraction or be 
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primary, as in Conn’s and Cushing's syndromes. In these 
two conditions, extracellular fluid volume is expanded 
and the alkalosis, unusually, is not corrected by saline 
infusion. 


Biochemmcal characteristies of non-respiratory alkalosis 


The blood hydrogen ion concentration 1s lew and the 
bicarbonate concentration increased; respiratory compen- 
sation may increase PCO,, but not to more than about 
8 kPa. Hypokalsemia is almost always present. 


Svstemic effects of alkalosis 


In general, the effects of alkalosis are the opposite of those 
of acidosis. The effects on the cardiovascular system are, 
however, less in alkalosis and infrequently of clinical con- 
sequence. The effects of alkalosis on oxvgen delivery to 
tissus are unfavourable in that oxygen delivery is im- 
paired. Alkalosis 15 rarely sustained over a long period and 
there 15 no evidence of any adverse effects on bone. 

Chronic non-respiratory alkalosis is frequently associ- 
ated with potassium depletion and hypokalacmia, This 
related to increased disral tubular secretion of potassium 
as a consequence of decreased hydrogen ion secretion. 
Thus alkalosis can cause potassium depletion and potas- 
sium depletion sustains alkalosis. If sodrum depletion 1s 
also present, the simulation of maximal distal tubular 
sodium reabsorptrion will also contribute to potassium 
depletion. 

Neuromuscular hyperexcitability is frequentiy present 
in patients with acute respiratory alkalosis, manifest as 
paraesthesia, muscle cramps and tetanv. Ît is unusual in 
non-respiratory alkalogs, except when the hydrogen ion 
concentration falls rapidly, as has been reported in pa- 
üents with Chronic respiratory acidosis treated with me- 
chanical ventilation, Grand mal convulsions have been 
reported in such patients and alkalosis can precipitate a fit 
in patients with epilepsy. The usual explanation for these 
observations is that bufféring of hydrogen ion by plasma 
proteins, particularly albumin, decreases in alkalosis and 
that calcium binding to protein increases as à result, thus 
lowering the plasma iomzed calcium concentration. 
Wheéther thus is a complete explanation is, however, open 
to doubt, 


Management of non-respiratory alkalosis 


Management should be directéd towards treatment of the 
underlying cause of the alkalosis, when possible. As al. 
luded to above, treatment can also be directed rowards the 
correction of any factors tending to sustain the alkalosis, 
Most patents will respond to expansion of the extracellu- 
lar fluid volume with isotonic salime, The demonsrranon 
of a low urinarv chloride concentration rehably predicts 


those patients who will respond to this treatment. This 
is frequentiy combined with potassium replacement, 
although in many instances the alkalosis can be corrected 
by the admumestration of saline alone, çven if there às 
potassium depletion, although this latter may require 
correction in it Own right. 

Administration of saline is inappropriate (and poten- 
Gally dangerous) in patients with saline-unresponsive 
causes of non-respiratory alkalosis, Management must 
be directed towards the underlying cause, cg removing 
the source of excessive muneralocorticoid secreñon (or 
blockade of mineralocorticoid action) or replacement of 
potassium of magnésium, as appropriate. 


Specific causes of non-respiratery alkalosis 


Loss of gastric acid The most severe non-respira- 
tory alkalosis :s séen in patients losing unbuffered acid 
from the stommach because of either gastric drainage or 
prolonged vomiting, particularly in association with py- 
loric stenosis, which prevents the concomitant loss of 
alkaline secretions from the proximal small intestine, The 
acid 15 hydrochloric acid so that patients become chlonde 
depleted, The hydrogen ions are derived from carbonic 
acid, pan passu with bicarbonate. Initially, renal excretion 
of the excess bicarbonate may prevent the development of 
alkalosis, but with extraccllular fluid volume contraction 
the réquirement to maximize renal sodium reabsorption 
in the face of hypochloraemia necessitates increased reab- 
sorption of sodium with bicarbonate. Indeed, in severe 
cases, renal bicarbonate reabsorption may be complete in 
spite of the high plasma concentration, resulting in the 
excretion Of an acid urine, Potassium is lost in gastric 
fluid, but increased aldosterone secretion may result in 
significant loss of potassium in the urine as well, exacer- 
bating the potassium depletion and the alkalosis, Thus all 
three of the factors mentioned above Can be involved in 
the maintenance of the alkalosis. The alkalosis usually re- 
sponds to re-expansion of the extracellular fluid volume 
with ‘normal’ saline. 

Mineralocorticoid excess Syndromes of mineralo- 
corticoid excess are almost invariably associated with non- 
respiratory alkalosis, for reasons that have been outlined 
above. When the excess is due to primary adrenal disease 
(Cushing's syndrome, Conn's syndrome), patients are ex- 
tracellular fluid volume expanded, This should oppose the 
effect of potassium depletion on proximal bicarbonate 
reabsorption and it is hkely that the alkalosis is maintaineéd 
largely by increased distal reabsorption. 

Chronic hypercapnia It has been pointed out that 
the rapid lowering of a chronically elevated PCO:. can 
result in the compensatory processes causing a frank 
non-respiratory alkalosis. IF PCO, falls ro normal over a 
few davs, bicarbonate is excreted and an alkalosis does 
not develop, but if this occurs in patients with contraction 
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of the extracellular fluid volume, for example as a result of 
diuretic treatment, alkalosis may become apparent and 
persist. 


Respiratory alkalosis 


Respiratory alkalosis is a consequence of the rate of excre- 
uüon of carbon dioxide exceeding the rate of production, 
leading to a decrease in PCO.. This is usually due to 
stimulation of thé réspiratory centre; the stimulus may 
be toxic, reflex, psychogenic or related to the presence of 
an intracranial lésion. The exception is mechanical venti- 
lation, when normal respiratory control is overridden. 
Some of the causes of respiratory alkalosis are indicated 
in Table 5.8. 


Compensatory responses in resptratery alkalasts 


Buffering In acute respiratory alkalosis, the fall in 
PCO, causes a decrease in hydrogen ion concentration 
and a slight fall in bicarbonate. Other buffers release 
hydrogen ions, s0 tending to counter the effect of the fall 
in PCO,; some of these hydrogen ions will combine with 
bicarbonate, causing its concentration in the blood to fall 
further, À new steady state Can be attained rapidly and 
can persist for approximately 6 hours, after which the ef- 
fect of changes in renal hydrogen ion metabolism become 
detectable. 

Hypoventilation Correction of a respiratory alkalo- 
sis is only possible if the rate of excretion of carbon diox- 
ide can be restored to normal, The fact that an alkalosis 
develops (other than with mechanical ventilation) indi- 
cates that the inhibitory effect of the decrease in PCO, on 





Voluntary hyperventilarion | 
Mechanical ventilation | 
Reflex hyperventiinion | 
decrensed pulmsenary cornpliance | 
disease affecting chest wall | 
irritative lesions of the air passages 


drugs and toxiru 

salicylare poisoning 

heputic failure 
hypoxacrron 

ascent to altitude 

right-0-left shurts 

pulmonary disemise 

carbon monoxide porsurinme etc. 
Non-respiratory acidosis (during recovery} 
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respiration is being overwhelmed by whatever stimulus 1s 
causing the hyperventilation. 

Renal hydrogen ion excretion If a low PCO, 
persists for more than a few hours, decreased renal gen- 
eranon of bicarbonate (for which carbon dioxide is a 
substrate) will decrease urinary acidification and effect 
further compensation for the alkalosis, further lowering 
the plasma bicarbonate concentration. 


Biochemical features of respiratory alkalosis 


The cardinal feature of an acute respiratory alkalosis is 
a decrease in arterial PCO,, a decrease in hydrogen ion 
concentration and a small decrease in bicarbonate 
concentration, though not to less than 18 mmol/L. In a 
chronic respiratory alkalosis, renal compensation may 
result in arterial hydrogen ion concentration being only 
marginally decreased, while the bicarbonate concentration 
falls further, but not to less than 12 mmol/L.. The finding 
of bicarbonate concentrations less than these values 
suggests the presence of a non-respiratory acidosis. 

If the stimulus to hyperventilation is hypoxaemia, 
arterial hydrogen ion concentration may be affected pre- 
dominantiy by a resulting non-respiratory acidosis. The 
interpretation of measured acid-base parameters in mixed 
disorders of hydrogen ion homoeostasis is discussed in a 
later section. 


Systemic effects of respiratory alkalosis 


The manifestations of the underlying disorder often pre- 
dominate in patients with respiratory alkalosis. In acute 
hypocapnia, cerebral vasoconstriction reduces cerebral 
blood flow and lightheadedness, confusion, impaired 
intellectual function, syncope and seizures may occur. In 
patents with sickle-cell disease, hypocapnia has been 
recorded as Causing strokes, presumably as a result of 
cerebral hypoxaemia engendered by the vasoconstriction, 
Perioral and peripheral paraesthesiae are common, in part 
at least because of a fall in ionized calcium concentration, 
These features do not usually persist if the hypocapnia 
persists. 

In contrast, cardiovascular changes can occur with 
both acute and chronic hypocapnia. They include an in- 
crease in heart rate, tightening of the chest or even frank 


Müild hypokalaemia can occur with respiratory alkalosis 
and plasma phosphate concentration is often significantly 
reduced. 


Management 

Where possible, treatment should be directed at the 
underlying cause. In a psychogenically induced acute 
respiratory alkalosis, rapid symptomatic relief may be 
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obtamed by getting the patient to rebreathe from a 
paper bag. If the alkalosis is severe and the nervous or 
cardiovascular features are giving cause for concern, it 
may occasionally be necessary to sedate the patient or 
prevent the hyperventilation by resorting to mechanical 
ventilation, always being sure that adequate oxvgenation 
is Mmaintained. 


The interpretation of acid-base data 


Many approaches to the diagnosis of disorders of hydro- 
gen ion homocostasis have been promulgared. These 
may involve the mathematical manipulation of data or the 
plotting of data on a diagram which shows the ranges of 
the variables in the various disorders, Two points are 
worth emphasizing in this context: first, although the use 
of diagrams may faciitate the rapid diagnosis of an acid- 
base disturbance, it cannot add to the information that is 
available from an analysis of the data on which the dia- 
grams are based. Second, diagnosis should be based on 
measured variables and not on secondarily denved data. 

The most lagical acid-base diagram is thus a graph of 
hydrogen ion concentration against partial pressure 6f 
carbon dioxide, as shown in Figure 3.6. This shows the 
zones in which combinations of PCO, and [H*] occur in 
the various disorders that have been described, If a pair of 
data for à patient falls outside one of these areas, it sug- 
gests that there is a mixed acid-base disorder. Such dis- 
grams are useful not only to help in defining the acid-base 
disorder in an individual pauent but also, when serial 
plots are made, to follow the response to treatment. 
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Fig. 5.6 The rélationship berwcen anerial hydrogen ion concentration 
{[H" 1} and partial pressure of carbon dicmide (PCO.,). The ranges of 
values rymical of the major disturbances of hydrogen son homoeostasts 
are shown. Note that in acute respiratory disturbancçes the variation of 
(H°] mu FCO, 55 rectilinear, 


It will be apparent that diagnosis of the type of acid- 
base disorder requires onlv knowledge of PCO., and [H*]; 
this must follow from the fact that, as shown by Equation 
7, bicarbonate concentration depends on PCO, and [H*] 
and cannot vary independentiy of them. 

In Figure 5.6, the plot of [H'] against PCO, is recti- 
hinéar in acute respiratory disorders. This fact makes it 
possible to diagnose acid-base disorders without recourse 
to diagrams. The slope of the plot 18 such that, in an acute 
respiratory disturbance (that is, before there has been rime 
for significant compensation to occur), for every 1 kPa 
change in PCO,, [H'] would be expected to change by 
5.5 nmol/L, an increase in PCO, increasing [H'] and a 
decrease in CO, decreasing (H°] by this amount. 

Thus, in a patient whose PCO, 15 abnormal, it is possi- 
ble to calculate whether the observed [H°] 55 what it 
would be expected to be if the respiratory disturbance 
were acute, that is, in the absence of any compensation. 
Suppose, for example, à patient has a PCO, of 7.5 kPa 
and a [H*] of 52 nmolL: plotting these figures on Figure 
5.6 suggests that the patient has an acute respiratory 
acidosis. But this can also be calculared: assuming a 
normal PCO, of 5.3 kPa and [H°} of 40 nmol/L., an acure 
increase In PCO, 10 7,5 kPa would be expected to in- 
crease [H°] to 140+(5,5 x 2,3)] = 53nmol/L, as 15 ob- 
served, Were the observed [H°'] to be higher, 1t would 
indicate that the acidosis had a non-respiratory as well as 
a réspiratory component. Were the observed [H*] to be 
lower than expected from the PCO., it would indicate the 
presence of a non-respiratory alkalosis in addition to the 
réspiratory acidosis. 

In this imstance, however, an alternative explanation 
could be that the respiratory acidosis had been partly 
compensated. Às has been indicated, the compensatory 
processes in disturbances of hydrogen ion homoeostasis 
can bé regarded as the generation of opposing distur- 
bances. Indeed., in respiratory disturbances, in which the 
development of compensation lags behind the develop- 
ment of the primary disorder, the presence and nature 
of the compensation 1s made explicit if the primary 
abnormality is corrected rapidly, leaving the persisung 
compensatory process as the sole acid-base abnormality. 

It is important to appreciate that exarninanon of PCO, 
and [H*} or of dats derived from them, in isolation from 
clinical information and other, independent, laboratory 
data, may not permit differentiation between a compen- 
sated disorder of hydrogen ion homoeostasis or the 
simultaneous existence of two primary disorders having 
opposing effects on hydrogen ion concentrarion. In the 
descriprions of the major acid-base disorders the maxi- 
mum extent to which compensation can occur was indi- 
cated and if data lie outside these limits then a mixed 
disturbance must be present; however, such a disturbance 
can be present even if the data lie within the limits of 
normal compensation. 
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Mixed disorders of hydrogen ion homoeostasis 


Mixed acid-base disorders, that is, disorders with both 
respiratory and non-respiratory components, occur fre- 
quently. Some examples are shown in Table 5,9, They 
can be classified according to whether the component 
disturbances are additive or opposing in their effects on 
hydrogen ion concentration. 

The presence of a mixed disorder can be inferred from 
any change in hydrogen ion concentration not being as 
predicted from the PCO,. In a mixed respiratory and non- 
respiratory acidosis, PCO, will be elevated but [H*] will 
be higher than would be predicted from the PCO.. In a 
mixed respiratory and non-respiratory alkalosis, PCO, will 
be decreased but [H'] will be lower than predicted. In 
each case, the plot of [H*] and PCO, on the acid-base 
diagram (Fig. 5.6) will fall in the regions between those 
shown for the appropriate non-respiratory and acute 
réspiratory disorders. 

The diagnosis of mixed disorders in which the compo- 
nent disturbances have opposite effects on hydrogen ion 
concentration is less straightforward. Às discussed above, 
the problem is that the changes in [H*] and PCO, may be 
exactly the same as may be found as a result of physiologi- 
cal compensation. This stems from the fact that the com- 
pensatory process itself disturbs acid-base homoeostasis, 
albeit advantageously, tending as it does to restore [H] 
towards normal. Usually, careful consideration of the 


clinical findings and other data that may be available will 
allow the correct diagnosis to be made, It should also be 
appreciated that the efficacy of compensatory processes 





Adduroe diserden 
| Non-respratory acidosis + respirutory acidiusis 
respiratory failure 
Cardiiac arret 
polsoning, €£g. with ethanol, methanol 
| Non-respiratory alkabnsis + resprratory alkalosis 
| vomiting and congestive Cardiac failure 
diuretic therapy and, for example, bépatic failure or pneurmonts 


| Counterbalancing disorders 
Non-respiratory acidosis + respiratory alkalonis 

















ketoacidosis and pneumonta 
| Non-rcspiratory nlkahosis + respiratory acidontn 

| diuretic therapy and chronic obstructive airwuys disease 
vomiting and chronic obetructive airways disease 

severe potassium depletion 
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See text 
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is limited, particularly in non-respiratory disorders. Com- 
pensation restores the hydrogen ion concentration to- 
wards normal, but restoration to normal is only seen with 
mild chronic respiratory acidosis and chronic respiratory 
alkalosis. With more severe disturbances, compensation 
is incomplete. Overcompensation does not occur so that, 
for example, a patient with a slightiy elevated {H°} and a 
low PCO, must have a partially compensated non-respira- 
tory acidosis and cannot have compensated respiratory 
alkalosis. 

Since the causes of respiratory acidosis and alkalosis are 
retention and excessive excretion of Carbon dioxide re- 
spectively, these rwo disorders cannot coexist, However, 
several mechanisms Can be responsible for the develop- 
ment of non-respiratory disorders and the existence of a 
process producing an acidosis need not exclude the pres- 
ence of one producing an alkalosis. Thus a patient could 
have renal failure (a cause of acidosis) and be vomiting 
excessively (a cause of alkalosis). Whether the patient is 
actually acidotic or alkalotic will depend on which process 
predominates, but examination of [H°] and PCO, alone 
will not reveal this type of mixed disturbance, It may 
only be inferred from clinical observations coupled with 
other biochemical data — particularly, for example, the 
anion gap — or become apparent when the predominant 
disorder is treated appropriately and apparent ‘overswing 
occurs, €.g. the patient, having had a mild non-respiratory 
acidosis, becomes severely alkaloric. 

Exceptionally, triple acid-base disorders can occur. Pa- 
tients have been described with a severe non-respiratory 
alkalosis (usually due to prolonged vomiting), accompa- 
nied by a respiratory acidosis or alkalosis, in whom a high 
anion gap suggests a Component of non-respiratory acido- 
sis (e.g. a lactic acidosis). The [H"'] (low) and PCO, (also 
low) in such patients may suggest a partially compensated 
acute respiratory disturbance, but the clinical features will 
be inconsistent with this as the sole diagnosis. 


TISSUE OXYGENATION 
Introduction 


The process whereby atmospheric oxygen is made avail- 
able to mitochondria is a complex one, depending on 
adequate alveolar ventilation and function, pulmonary 
and tissue blood flow and the ability of the blood itself 
to take up oxygen in the alveoli and release it to tissues. 
Tissue oxygenation can be compromised by disease affect- 
ing any of these functions. Until relatively recently, the 
only readily available index of tissue oxygen supply was 
the arterial partial pressure of oxygen, PaO,. This meas- 
urement is still regarded as essential, but it has a number 
of limitations. It requires access to arterial blood, either 
by direct puncture or through an indwelling catheter; 
blood samples must be collected with considerable care 
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and analysis performed without delay; but, perhaps 
most importantiy, measurement of PaOQ. provides in- 
complete information on oxygen transport, Ît is a measure 
of partial pressure, not of the oxygen content of blood or 
the delruery of oxygen 10 ussues, However, although tissue 
oxygenatuion depends upon factors other than PaO,, main- 
ténance Of an adequate PaO, is a prerequisite for normal 
tissue oxygenation. This is illustrated in the following sec- 
nons, wlich discuss the transport of oxygen from the 
inspired gas to the tissues, where it is used for oxidative 
metabolism. 


Pulmonary function 
Aloeoler ventilation 


The partial pressure of oxygen in arterial blood, Pa. 
depends on the alvéolar oxygen tension (PAQL), which is 
in turn dépendent on the fraction of the imspired gas 
which 15 oxygen (F10.), the alveolar carbon dioxide ten- 
sion {PACO.), the respiratory quotient (RQ), atmospheric 
barometric pressure (PB) and the partial pressure of water 
vapour (PH,0) such that: 


0, = FiO, x (PB — PH,0) - PACO/RQ 


The respiratory quotient depends on the relative propor- 
nons of free farry acids, carbohydrate and protein being 
used as energy substrates by the tissues, but it varies 
through only a small range even in disease. Alveolar air 
is always saturated with water so that PH.,O 55 constant. 
It follows that PAO, can increase significantly as a result of 
either an mcrease in PB (requinng a hyperbanc chamber) 
or FO, (requining the administration of oxygen) or a 
decrense in PACCO), (requiring an increase in ventilation). 
Only the last two are commonly available to treat patients 
with a low PAQ.. Inspection of Equanon 29 ill indicate 
that the effect of a change in PaCO, on PaO, will be 
greater 1 F10, is normal than if it is raised, an increase in 
PaCO, (usually accepted as being equal te PaCOQ.) can 
significantly decrease PaO. at normal values of FiQ., but 
it will have à lesser effect if the F1, is increased. 


(29) 


Oxygen uptake into blood 


The continuous deliverv of mixed venous blood of low 
oxygen content to the alveolar capillaries and diffusion of 
oxvgen down the concentration gradient from the alveolar 
space to the blood results in à constant tendency for PAO, 
to fall which is prevented by the delivery of oxygen to the 
alveoli by ventilation. In healthy young individuals, oxy- 
gen diffuses readily from alveoli into the plasma and PaQ, 
is usually only about 1 KPa less than PaOQ:; the difference 
[{(a-a)/0),] increases with age and in healthy 60-vear-olds 
may reach neariy 4 kPa. Pulmonary disease which impairs 
diffusion 15 a potential cause of an increase in (a-a)2X0, 
and hence of a decrease in PaO,, but the nature of the 


alveoli is such that any impairment of diffusion must be 
considerable before it affecrs PaO, at rest. 

The maintenance of a normal FaO, also requires a nor- 
mal relationship berween the perfusion of alveoli and their 
ventilation; the effects of a disturbance in this relationship 
(ventilarion-perfusion imbalance) are considered further 
below, 

In health, a small proportion of the blood reaching the 
lungs from the tissues bynasses the alveoli and does not 
take part in gas exchange {a right-to-left shunt). This is 
because the bronchial veins drain directly into the pulmo- 
nary veins, while some blood that perfuses the myo- 
cardium drains directly into the cavity of the left 
ventricle, Any increase in shunting due 10 a patholomcal 
process will tend to decrease Pa0O.. 

The final factor which can affect PaQ, is the oxygen 
tension in the blood reaching the lungs, that is mixed 
venous PO, or ÆFvO.. If this is low, increased alveolar 
oxygen transport will be necessary to allow maximal Pa0,, 
In health, increased tissue oxygen réquirements (as for 
example during exercise) result in à fall in FvO, and the 
increased oxygen requirement 1s met by hyperventilation. 
Tissue oxygen requirements are often increased in dis- 
case, €.g. as a result of sepsis or the metabolic response to 
trauma, bur at the same time the phyaological responses 
leading to hyperventilation may be attenuated. Qther fac- 
tors whuch can contmbute to a low FPvO, include decreased 
oxygen saturation, ansemia and à decrease in cardiac out- 
put, ail of which, as will be discussed below, can decrease 
the delivery of oxygen to tissues. 

le summars, a low PO. that is, hypoxaemia, can be 
caused by any of 


e à decrease in PAO, (due to a decrease in the 
proportion of oxygen in the inspired gas, an incréasé 
in PACO, or a decreased barometric pressure); 
hypoventilation; 

decreased diffusion; 

imbalance of ventilation and perfusion; 

an increase In shunting; 

a decrease in ÆvO.. 


.... 


The role of haemoglobin in oxygen transport 


Although the amount of oxygen present In physical solu- 
tion in the blood is directly related to PaO, (0.23 mL/L/ 
kPa), only à small amount of oxygen is carned in this way 
(at normal PaO., approximately 3 mL, per litre of plasma). 
Oxygen is principalls transported in the blood bound 
to haemoglobin. One gram of haemoglobin can bmd 
1.34mL of oxygen when fully sarurated. The normai 
PaO, 6f arterial blood is approximately 13.3 kPa, at 
which haemoglobin is approximately 97% saturated. 
Total arterial oxygen content (CaO.) is given by sum of 
the dissolved and haemoglobin-bound fractions: 


CaO, = {{[Hb] x SaO,/100) x 1.34 + (0.23 x PaO,) (30) 


where [Hb] is the haemoglobin concentration (g/L} and 
SaO, is the percentage saturation of haemoglobin with 
oxygen. Àt sea level, CaO, is normally about 200 mL/L. 
SaQ, can be measured using à co-oximeter; this instru- 
ment also measures haemoglobin concentration and thus 
allows calculation of arterial oxygen content, which pro- 
vides far more information than fPaO, alone. Modern 
blond gas analysers often incorporate a co-oximeter and 
such instruments are widely used in intensive therapy 
units, Arterial oxygen content can be measured non- 
invasively (transcutancously) using a pulse oximeter., It 1s 
bevond the scope of this book to discuss the analytical 
principles unilhized in these instruments. 

The familiar sigmoid relationship berween Hb satura- 
tion and oxygen tension (Fig. 5.7) has a number of impor- 
tant clinical consequences. First, a considerable reduction 
in PaO, below the normal has little effect on the amount 
of oxygen carried in the blood. Saturation only falls below 
90% when PaOQ, falis below 8 kPa. If PaO, falls further, 
however, oxygen saturation (and thus the amount of oxv- 
gen carried} decreases rapidiy, À further consequence 15 
that, because haemoglobin is saturable, increasing PaO, 
above that necessary to provide complete saturation has 
relatively little effect on arterlal oxygen content, since 
only the small fraction present in solution is significantly 
increased. 


The effects of pulmonary disease on oxygen uptake 
into blood 


The effects of alveolar hypoventilation and impaired diffu- 
sion on pulmonary function have been alluded to above. 
Two other functional defects, shunting and ventilation- 
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Fig. 5.7 The oxveen-haemoglobin dissociation curve, At a normal 
artenial PO, fpoint ‘a”}, haemoglobin is about 97% saturated 

(540, = 97%). Point ‘y represents he normal venous PO, at winch 
hsemegliotin is 75% saturated (SvO, = 75%: À decreasc in arterral 
PO, to 8 kPa (pounr x") is associated with a decresse in SaQ, to only 
90%, but à further decrease will have à broportionately greater effect 
où SaC). and thus on artenial oxygen content. 
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perfusion imbalance, can also have profound effects on 
the oxygenation of blood. 


Shunting 


Haemoglobin is only about 97% saturated in normal arte- 
rial blood. The is in part because of physiological shunt- 
ing. In some conditions (for example lobar pneumonia, 
pulmonary ocderma, adult respiratory distréss syndrome) 
some alveoli become filled with fluid and do not take 
part in gas exchange, although they are still perfused with 
bloëd. Shunting is hereby increased and this leads to 
arterial hypoxaemia. Atelectasis (collapse of a lung or part 
of à lung so that it is not aerated) has the same effect. 
Under such circumstances, increasing PAOQ, by increasing 
FO, has little effect on overall PaO.. This is because no 
gas exchange will be taking place in the alveoli which are 
acting as shunts, while haemoglobin in blood leaving 
normally functioning alveoli wiil already be fully saturated 
with oxygen. Increasing FiQ, will increase only the small 
proportion of oxygen held in physical solution in this 
blood and this will have little effect on total arterial 
oxygen content. 


l'entdation-perfusion imbalance 


The fact that haemoglobin is not fully saturatéd in normal 
arterial blood is also related to an imbalance between 
alveolar ventilanion and perfusion. At rest, ventilation is 
about 4.2 L/min and pulmonary blood flow 5.5 L/min, so 
that the overall ventilation-perfusion ratio (F/Q ratio) is 
approximately ©.8. However, this rano is not umform 
throughout the lungs, ranging between the approximate 
liruts 0.5 and 3.0. Some alveoli are better ventilated than 
they are perfused (Ÿ7/Q > 1), so that a proportion of venti- 
lation is “wasted” and the effect is an increase in “dead 
space"; in others, Land © are in balance. In both cases, 
effective oxygenation of the blood takes place. However, 
in those alveolh in which perfusion exceeds ventilation 
(FO < 1), complete oxygenation of the blood is impossi- 
ble. Because haemoglobin is saturable, oxygen transport 
in the well-ventilated and normally ventilated alveoli 
cannot compensate for decrcased oxygenation of blood in 
poorly ventilated alveoh, Many pulmonary diseases, nota- 
bly chronic obstructive airways disease and imterstitial pul- 
monary disease, give rise 10 an increase over the normal 
imbalance of ventilation and perfusion. However, in con- 
trast to disease in wluch sigruficant shunting occurs, an 
increase in Fi0,, because it will increase oxygen transport 
in poorly ventilated alveoli, can increase overall PaO.. 


Differential effects of pulmonary disease on PaCO, and PO, 


It will be instructive at this point to compare the effects of 
réspiratory disease on PaCO, and PaO,. Carbon dioxide 
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is transported in blood effectively in physical solution, In 
contrast 10 the oxvhaemogiobin dissociation curve, the 
curve relating the carbon dioxide content of blood to par- 
tial préssure is almost lincar over the physiological range. 
Às a result, a significant change in PaCO, will always 
cause a significant change in the carbon dioxide content of 
blood. In contrast, as has been seen, considerable changes 
in PaO, can occur with hittle effect on oxygen content. 

PaCO, is determined by alveolar ventilation; in health, 
any increase in carbon dioxide formation can be matched 
by an increase in excretion, In pulmonary disease, if 
PaCO, is increased, then PaO, will always be decreased. 
Thus, if hypoventilation causes hypercapnia, it will also 
cause hypoxacmia, However, hypercapnia is not always 
present in patients who are hypoxaemic. Carbon dioxide 
can diffuse between the blood and the alveolar air more 
readily than oxygen; defects in diffusion rarely cause hy- 
percapnia, aithough they can cause hypoxaemia. Shunting 
causes à decrease in PaO,, but this will stimulate hyper- 
ventilation, increasing the excretion of carbon dioxide 
from ventilated alveoli and preventing a rise in PaCO, or 
even Causing hypocapmia. Only with extensive shunting 
will che PaCO, be increased. 

In pulmonary disease causing an increase in 70 
imibañance, there is a tendency for ÆaO, to fall, for the 
reasons discussed above; this will stimulate respiration 
but, "while the increased ventilation of well-perfused 
alveoli cannot compensate for the impaired oxvgenation, 
it can increase carbon dioxide excretion and PaCO, may 
fall. With more severe disease, however, hypoxaemia will 
be accompanied by hypercapnia. 


Oxygen transport to tissues 
Oxygen delivery 


The transport 6f oxygen to tissues depends not only on 
adequate transfer of oxygen from the inspired gas to the 
alveolar Capillaries, but also on an adequate cardiac our- 
put. The total amount of oxvgen delivered by the cardio- 
pulmonary apparatus (DO.) is given by the product of 
oxvgen content (CaO.} and cardiac output (CO): 


DO, = CaO, x CO (31) 


However, the amount of oxygen available to tissues will 
depend upon local perfusion and the affinity of haemo- 
globin for oxygen, which determines how readily oxygen 
can be released. 


Oxvgen uphrake 


Oxygen is taken up into tissues because their PO, is lower 
than that of the blood. But examination of the oxvhaemo- 
globin dissociation curve will indicate that the amount of 
oxygen taken up will depend on the haemoglobin satura- 
tion (SO) at a given PO. Mixed venous oxygen satura- 
uon (SvO.} at rest is approximately 75%, corresponding 
to a VO, of 5.3 kPa and permitting the uptake of 46 mL 
of oxygen from each litre of blood. Total tissue uptake of 
oxveen is about 250 mL/min at rest, However, if the oxv- 
haemoglobin curve were to shift to the left, less oxygen 
would be released from haemoglobin for the same fall in 
PG,, wheress a right shift would increase che availability 
of oxygen, An increase in PCO. or [H*] {both of which 
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Fig. 5.5 


The oxygen-haemoglobin dissociation ourve, An increase in PCO., [H°} or red cell 


2,3-diphosphogivcerate (2,3-DPG') causes a night shuft in the curve, decreasing the affinity of 
hsemoglohin for oxygen (PF incressed) and increasing the amount of oxygen available to the 
ussues, À decrease in FCO. [H°] or red cell 2,3-DPG causes a left shift, whuch has the 


oproste effect. 


occur as blood traverses the capillary beds) causes a right 
shift, as does an increase in temperature. The position 
of the curve is also determined by the concentration of 
2,3-diphosphoglycerate (2,3-DPG) in erythrocytes. An 
increase in 2,3-DPG concentration causes a right shift. 
This occurs in chronic hypoxia and thus facilitares oxygen 
uptake by tissues. These effects are illustrated in Figure 
5.8. The position of the oxyhaemoglobin saturation curve 
can be defined by P,,, the partial pressure of oxygen at 
which haemoglobin is 50% saturated. It is normally about 
3,7 kPa, 


Hypoxia 


Tissue hypoxia can be due to a disturbance occurring 
at any stage in the delivery of oxygen to the cells where 
it is utilized (Table 5.10), to increased demand or to def- 
cient oxygen uptake. The rational treatment of hypoxia 
obviously depends on knowing the cause. 


Measurement of oxygen delivery Lo tissues 


This requires determination of arterial oxygen content, 
preferably determined from measurements of haemo- 
globin and SaO,, and of cardiac output. SaO, can be cal- 
culated from PaO,, using an assumed value for P,,, but 
direct measurement, by oximetry, is more reliable. It may 
be possible to infer the adequacy of cardiac output from 
clinical observation, but it can be measured directly by 
the thermodilution method using a pulmonary artery 
(Swan-Ganz) catheter incorporating a thermistor. 


Detecnion of tissue hypoxia 


Although the accumulation of lactic acid is a consequence 
of severe tissue hypoxia, the development of hyper- 
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lactataemia is a relatively late phenomenon and by the 
time it is detectable hypoxic tissue damage may already 
have occurred. Furthermore, it can occur for other rea- 
sons, €.g. impaired hepatic function, strenuous muscle 
contraction (not only in exercise but due to rigors or con- 
vulsions) and as a result of improved perfusion of pre- 
viously poorly perfused tissue (a ‘washout’ phenomenon). 

The measurement of mixed venous oxygen saturation 
(SvO,) is now commonly used in the assessment of the 
critically ill. SvO, can be measured in a blood sample 
taken through a pulmonary artery catheter or in crvo using 
a catheter containing fibreoptic bundles, which transmit 
light of appropriate wavelength to the blood and transmit 
réflected light back to a measuring device. It reflects the 
difference between arterial oxygen supply and tissue con- 
sumption, $vO, is normally of the order of 75%, but 
frequently falls to 50% or less when there is anaerobic 
metabolism, although such a fall can also be due to appro- 
priately increased tissue uptake of oxygen or to a decrease 
in cardiac output. Because the measured SvO, is effec- 
tively a mean value of venous blood from all tissues, it can 
be affected by changes in the relative distribution of blood 
between different tissues, Measurements of SvO, can be 
misleading; in severe sepsis, reduced tissue oxygenation 1s 
sometimes associated with a high SvO., as a result of im- 
paired oxygen extraction and local arteriovenous shunting. 

Oxygen delivery to tissues normally exceeds demand, 
so that if delivery falls demand may still be met and con- 
sumption is independent of supply. Eventually, however, 
there will come a point when oxygen consumption be- 
comes supply dependent (Fig. 5.9). Determining whether 
oxygen consumption increases in response 10 an increase 
in delivery (usually effected by giving a vasodilating drug) 
is a theoretically attractive way of detecting impaired tis- 
sue oxygenation, but it has not proved useful in clinical 
practice. 


consumption 





Fig. 5.9 Oxygen delivery to and consumption by tissues. Normally, 
consumption is independent of delivery; when delivery falls below a 
critical level, it results in decreased consumption, 
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Management of hypoxta 


It is beyond the scope of this book to discuss this topic in 
detail. Depending on the cause, appropriate direct meas- 
ures may include increasing FiO., improving alveolar 
hypoventilarion to decrease PACO., using inotropic drugs 
to stumulate cardiac output, increasing the oxygen-carry- 
ing capacity of the blood by transfusion and the use of 
measures to increase tissue perfusion or reverse the effect 
of toxins. In patents with chronic hypercapnia who are 
hypoxaemic, increasing FO, is potentially dangerous. 
Acquired insensitivity of the respiratory centre to carbon 
dioxide can cause hypoxaemmia to be providing the 
major stimulus to respiratory effort, If this is abolished, 
respiratory arrést MAY ensue. 

There are many techniques for improving alveolar hypo- 
ventilanon, including the use of mechanical ventilators. 
However, mechanical ventilation, although a potentially 
life-saving technique in critical hypoxia, is not without 
its disadvantages, including impaired cardiac filling (and 
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hence a decrease in cardiac output), 160 rapid a fall in 
PaCO., depressing the normal respiratory drive, dilutional 
hyponatraemia due to inappropriate antidiuresis and a risk 
of mechanical damage to the airways. It must also be re- 
membered that oxvgen, though essential for life, is toxic in 
excess. Oxygen toxicity should be avoided by keeping 
PaQ, below 40 kPa. 


CONCLUSION 


LDsorders of hydrogen ion metsholism and of tissue oxv- 
genation are frequentiy éncountered in clinical practice 
and may coexist, often because of a common aetiologv, 
but sometimes because of a direct effect of ane upon the 
other. For both groups of disorders, a sound understand- 
ing of the physiolomcal principles governing homocostasis 
in normal mdividuals is essential for correct diagnosis and 
effective management. These principles are essentially 
simple and pertain no matter how complex any particular 
disturbance may appear. 
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PART 1 
CALCIUM METABOLISM 


Biological role of calcium 


Calcium 15 a divalent cation with multiple roles in verte- 
brate physiology which can be grouped as either structural 
or metabolic. Ets structural role 1s in the skeleton where 
calcium deficiency leads to mechanical failure, either in 
the form of ostecporosis or osteomalacia. Its metabolic 
roles are more numerous. 

The extracellular concentration of calcium ions influ- 
ences the threshold for nerve acuon potentials, à High 
calcium rusing the threshold and à low calcium having 
the opposite effect. The extracellular calcium concentrs- 
tion appears to alter the gating of sodium and potassium 
channels. Ir has been proposed that this occurs as à resuit 
of calcium ions being attracted to and ‘screening’ the 
negative charge on the cell surface in the region of these 
channels. 

Calcium has an important role as an intracellular 
messenger. The depolarnization of nerve or muscle cells, or 
the binding of a hormone or cytokine to Hs receptor on 
the surface of other types of cell, results in an increase in 
cytosolic calcium concentration via either one or both of 
two mechanisms. These are 1he influx of calcium through 
plasma membrane channels and the release of calcium 
from intracelluiar stores (for example, the sarcoplasmic or 
endoplasmic reticulum). The latter pathway depends on 
receptor-activated hyvdrolvsis of inositol phospholipids in 
the plasma membrane, resulting in the release of inositol 


trisphosphate into the cytosol., This compound binds to a 
receptor on the endoplasmic reticulum resulting in the 
release of calcium mmto the cytosol. The regulation of a 
variety of cell functions can then follow, some enzymes 
being directly affected by the cytosolic calcium concentra- 
non (eg. protein kinase C} and others indirectiy by the 
calcium receptor protein, calmodulin. These pathways are 
integral to muscle contraction, neuroendocrine secretion, 
cell metabolism and growth. 


Distribution of calcium 


The total body calcium in a human adult is approximately 
1 kg, 99% of which is contained in the skeleton. Approxi- 
mately 1% of skeletal calcium is freely exchangeable with 
calcium in the extracellular fluid. Calcium ions diffuse 
freely throughout the extracellular space where their con- 
centration is approximately 1.2 mmol/L. The plasma son 
ised calcium concentration is the same, but the plasma 
total calcium is approximately twofold higher because of 
protein-binding of calcium and the formation of calcium 
complexes with phosphate, citrate and bicarbonate in 
plasma (Table 6.1). It is the ionized calcium concentration 
which is physiologicaily important and closelv regulated. 

Calcium is principally an extracellular ion and cytosolic 
concentrations are of the order of 10% to 10 * mmolfL. 
This low intracellular calcium concentration is necessary 
in order that calcium can function as an intracellular 
messenger and it is maintained by calcrum pumps and 
éexchangers on cell membranes. The endoplasmic reti- 
cuium and the mitochondria also have the capacity to 
remove calcium from the cytosol. 
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Total (2.2-2,6 mmol/L) 


Calcium fluxes 


There are three principal organs involved in the body's 
handling of calcium: the gastrointestinal tract, bone and 
the kidneys (Fig. 6.1). 


Gastromtestinal tract 


Intestinal absorption of calcium is mediated by two 
mechanisms, One is an active process, regulated by 
calcitriol (1,25-dihydroxyvitamin D, 1,25(O0H),D). This 
appears to involve a calcium binding protein whose syn- 
thesis 1s increased by 1,25(O0H),D. Active calcium ab- 
sorption occurs principally in the duodenum and upper 
jejunum. Calcium is also absorbed passively throughout 
the small intestine and possibly in the colon. Because the 
duodenum is only a relatively small part of the small 
bowel, it may in fact account for less than half of the 


Food 
| 


Digestive ce 4 





Faeces 
15.7 





| “intestinal absorption 8.3 


calcium absorbed at normal dietary intakes, despite its 
greater absorptive capacity per unit length. At low calcium 
intakes active absorption predominates but this is satur- 
able and at higher intakes the change in net absorbed cal- 
cium in relation to any change in intake is relatively small 
and mediated by passive absorption. 

The gut not only absorbs calcium but also secretes it 
in the digestive juices. The unabsorbed portion of this 
secreted calcium is called the endogenous faecal calcium 
and is in the order of 2-3 mmol per 24h. Thus, at 
very low intakes, the absorbed dietary calcium will be less 
than that lost from digestive juice secretion and the net 
calcium absorption will be negative. Net calcium absorp- 
tion is positive in healthy adults when their daily intake of 
calcium is greater than 5 mmol. 

The absorption of calcium is influenced by other 
dietary constituents. The presence of anions such as phos- 
phate, oxalate (found in some green vegetables) and 
phytate (found in some unrefined cereals) diminishes cal- 
cium solubihity and thus net absorption. Gastrointestinal 
absorption of calcium tends to decline with age but is 
increased during pregnancy and lactation. The principal 
regulator of intestinal absorption is 1,25(O0H),D and so 
either deficiency or excess of this hormone is associated 
with parallel changes in calcium absorption. 

The average calcium intake of healthy adults consum- 
ing a Western diet is about 20 mmol per day, of which 
20-40% is absorbed, The principal source of calcium in 
the Western diet is dairy products. There is a significant 
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Fig. 6.1 Representative calcium fluxes (mmol/24 h) in à healthy adult (70 kg body 
weight) in zero calcium balance, The rapid exchange of calcium on bone surfaces and 
the exchange in soft tissués are not illustrated in this diagram. The major sites of action 
of parathyroid hormone (*) and 1,25(OH);D (**) are indicated. (Modified wirh 
permission from Wilkinson R, Absorption of calcium, phosphorus and magnesium. In: 
Nordin B E C (ed) Calcrum, phosphate and magnesium metabolism. Edinburgh: 


Churchill Livingstone, 1976.) 


amount of calcium in some green vegetables such as 
spinach, though the bioavailabiliry of this appears 10 be 
lmwer., 


Kidnev 


The ionized and complexed fractions of plasma calcium 
are flcered at the glomerulus, amounting to approxi- 
mately 250 mmol per 24h. Of this, 98% is reabsorbed, 
65% in the proximal tubule and the remaining fraction 
progressivels along the nephron. Proximal tubular cal- 
cium reabsorption is an active process which 15 closely 
linked with that of sodium and does not appear 10 be 
hormonalls regulated. Only the 10°%% of calcium reabsorp- 
tion wluch takes place in the distal nephron has been 
shown to be subject to hormonal regulation, principally 
by parathyroid hormone (PTH) but possbly also by 
1,25(OH},D. Other factors which increase renal tubular 
calcium reabsorption are hypovolaemia, alkalosis and thi- 
azide diuretics, whereas volume expansion, acidosis and 
loup diuretics (e.g. frusemide) have the opposite effect. 

Urine calcium excretion is increased in subjects con- 
suming a high protein dier, because of acid producrion 
in the metabolism of sulphur-containing amino acids and 
complexation of calcium by sulphate in the urine, resuit- 
ing in inhibition of calcium reabsorprion, Probably the 
largest dietary influence on calcium reabsorpuion is that of 
sodiurn intake, which influences proximal tubular sodium 
and calcium reabsorption. 


Bone 


In the mature adult, the movement of calcium into bone 
equals its rate of efflux and bone mass remains constant. 
The situation 1s different in both growth and senescence. 
In spite of this consrancy of adult bone mass, there 15 an 
active exchange of calcium between bone and the extra- 
cellular fluid. This can take place as a result of bone 
remodeiling (see Ch. 28) or it can be accomplished by a 
process of mineral exchange between bone and the extra- 
cellular fluid, without local changes in bone matrix. Bone 
remodelling probably accounts for changes m bone den- 
sity that take place with ageing or disease. In the normal 
adult about 5% of the entire skeleton is remodelled in one 
vear. In contrast, radioisotope studies have indicated that 
1-2% of total body calcium can be exchanged between 
the bone and éxtracellular fluid over a period of several 
days. The precise mechanisms of this exchange and the 
factors influencing it are not known, but the quantities of 
calcrum involved suggest that it may be an important part 
of normal calcium homoeostatis. 

Calcium losses in sweat are in the order of 0,3 mmol/ 
24h. Breast milk has a high calcram content (around 
7.5 mmol/L) and a breastfceding woman loses 4-8 mmol/ 
24 h an the milk, 
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Control of calcium metabolism 


Plasma calcium concentration is principally controlled by 
PTH and 1,25(O0H5,D. Calcitonin may also be regarded 
as à calcitropic hormone although it has no clearly defined 
physclogical function. Ît 15 also apparent that many other 
hormones, growth factors and cytokines can influence 
bone metabolism. 


Paraihyronid hormone (PTH) 


Parathvroid hormone is an 84-amino acid, single-chain 
polypeptide secreted by the parathyroid glands. The gene 
is on chromosome 11 and consists of three exons coding 
for à pepude of 115 amino acids (pre-pro-PTH} which 
is cheaved to produce pro-PTH (90 amine acids) and sub- 
sequentlv the mature pepude (84 amino acids), prior to 
secretion, The biological activity of PTH appears to reside 
in the first 34 amino acids at the amino terminal end of 
the peptide. 

The principal regulator of PTH secretion 15 the extra- 
cellular fluid ionmized calcium concentranon, low levels 
stüimulating secretion and high levels inhibitung it. The 
relauonship berween PTH sécrétion and ionized calcium 
concentrations is not linear. Marked hysteresis is evident 
from experiments where ionized calcium levels are raised 
ot lowered. Thé PTH concentration at any given level of 
plasma iomized calcium is lower when the ionirzed calcium 
concentration is rising than it is when ionized calcium is 
falling (Fig. 6.2). Plasma PTH concentrations exhibit s 
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Fig. 6.2 Mesn concentrations of plasma intact PTH in relation ro 
plasma 1onized calcium concentration in response to infusions of cicrate 
(Bi) and calcium gluconate (5 and during recovery fronts 
hepocalcaenma (LI: and hypercakcaermi (Ci, For any given 1omzéd 
Calcium concentranon the PTH concentration is lower when the 
ioned caler is rsmg than when it is failing. (From Conlin PR er al. 
Journal of Clirucnl Endocnnology and Metabolism 1989; 69: 593.9, 
reproduced with permission of the Endocrime Society.) 
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diurnal variation. They are stable during the afternoon 
and evening but nse by about 50% around 2 a.m. and sub- 
séquéntiy fall to values approximately 50% below after- 
noon values around 9 am, The zenith to nadir difference 
Qn normal men) is around 2.3 pmolL, using an intact 
PTH assay. 

Many other factors have been shown to influence PTH 
secretion including 1,25(O0H}.D, adrenergic agonists, 
prostaglandins and magnesium, but whether any of these 
are physiologically important is debatable. Severe mag- 
nesium deficiency can produce a state of reversible 
hypoparathyroidism. 

PTH binds to cell surface receptors in its target tissues. 
The PTH recepter is similar in structure to the calcitonin 
and secretin receptors With seven transmembranc dornains, 
an extensive extracellular domain involved in hormone 
binding and an intracellular domain regulating intracellu- 
lar signalling, In its two principal target tissues, bone and 
kidney, thus results in activation of both adenylate cyclase 
(with producuon of cyclic adenosme monophosphate) 
and phospholipase C (with production of inositol tris- 
phosphate) and subsequent mobilhzation of intracellular 
calcium. 

In bone, PTH receptors are present on cells of osteo- 
blastic hineage, The osteoblasts in turn regulate osteoclast 
funcuon. 

PTH has three principal actions on the kdneys, It 
reduces proximal tubular resbsorpuon of phosphate, 
increases distal tubular reabsorption of calcium and in- 
creases the activity of the 25-hydroxyvitamin D i&-hydro- 
xylase enzyme in proximal tubular cells, Ir also decreases 
proximal reabsorption of bicarbonate, leading to à mild 
hyperchloraemic acidosis in states of PTH excess. 

Measurement of circulating parathyroid hormone 
Thé development of assavs for PTH has greatiy simplified 
the investigation of parents with abnormal plasma 
calcium levels but has brought with it de danger of mis- 
diagnosis if the limitations of these assays are not recog- 
nized. The parathyroid gland secretes both the mtact 84 
amino acid peptide and inactive PTH fragments. Heparic 
and renal metabolism of intact PTH result in the appear- 
ance of mid-region and carboxy terminal pepuides m the 
circulation. nm #rve, the principal biolomcally active pep- 
tide is intact parathyroid hormone, which is present at a 
low concentration (1-5 pmol/L.) and has a short half-life 
(24 min). However, mid-molecule and carboxy terminal 
fragments have sigmificantly longer half-dives and accumu- 
late in concentrations 5-20 timés greater than that of the 
intact peptide. These inactive fragments are cleared by the 
kidney and rheir levels increase substantially im the pres- 
ence of renal insufficréncy. Although these fragments are 
not biologically active they may be immunoreactive, if 
they crossreact with the particular anubodies used in 
the radioimmunoassay. Assays whuch detect inactive frag- 


ments report higher PTH concentrations than those 
which detect the mtact molecule. 

There are a number of annigenic sites in the PTH 
molecule. Antibodies are classified as being directed at 
the amunco terminal, muid-molecule {the 46-48 region) or 
carboxy terminal (68-84 region). Many current radio- 
immunoassays have midregion specificity, Two-site im- 
munoradiometnc and chemiluminescence assays of intact 
PTH have been developed, which measure only the bio- 
logically active intact pepuide. Inactive fragments are 
not detected and neither are parathyroid hormone-like 
molecules which can cross-react in one-site assays. 

Both mid-molecule and intact PTH assays show an 
increase in normal values with age, though this is more 
marked for the mid-molecule assavs because of increased 
fragment accumulation secondary to the age-related de- 
cline in renal function. Because of the dependency of 
mud-molecule and carboxy terminal PTH assays on renal 
function, their interpretation must always take into 
account the patient's plasma creatinine concentration. 
Because of the heterogeneity of PTH immunoassays cur- 
rently in use, it is very important that laboratories deter- 
mine thèir own normal rangées and the range of values to 
be expected in hyperparathyroidism, hypercalcaemia of 
malignancy, hypoparathvyroidism and renal disease. 

The action of PTH on the kidney causes cyclic adenos- 
ine monophosphate (CAMP) 10 appear in the urine, so 
‘nephrogenous" CAMP has been used as a surrogate meas- 
ure of PTH. The excretion rate is usually expressed as 
nmol/L glomerular filtrate (GF) and is calculated from: 


uriné CAMP fnmol) x plasma creatinine (mmol/L) 
urine creatinine (mmol/L) 


The normal range is 5-25 nmol/L GF. 

Classification of hyperparathvroidism Increases 
in plasma concentrations of PTH are seen in a variety of 
circumstances, It is useful chinically to disuinguish condi- 
tions in which the increased secretion of PTH 15 a normal 
physiological response to hypocalcaemia (secondary 
hyperparathyroidism) from those in which hypersecretion 
of PTH is the principal abnormality (pnmary hvper- 
parathyroidism). If secondary hypérparathyroidism per- 
sists over long peñods then the parathyroids can become 
hyperplastic. À gradual rise in plasma calcium accom- 
panies this change and overt hypercalcaemia can develop, 
which is known as tertiary hyperparathyroidism. This 
arises chiefly in long-term dialvsis parents, but it has also 
been described in patients with malabsorpuon syndromes. 
This classification is unsatisfactory in some respects. For 
example, the kidney transplant récipient with hypercalcae- 
mia due to hyperparathyroidism which developed whilst 
on dialysis is difficult to categorize. 

An alternative classification, which has the attraction of 
being more closels related to treatment stratagems, is to 


describe hyperparathyroidism in relation to the prevailing 
plasma calcium concentration. Thus hyperparathyroidism 
can be described as either hypocalcaemic, normocalcac- 
mic or hypercalcaemic. 


Piramin D 

Synthesis and metabolism (Fig. 6.3) The term vi- 
tamin D is a misnomer since it implies that this substance 
is an essential component of the diet, In fact, the majority 
of vitamin D is synthesized in the skin by the action of 
ultraviolet light on 7-dehydrocholesterol. This produces 
cholecalciferol or vitamin D,. Vitamin D is present in a 
variety of foodstuffs, It can be added to food in the form 





———— 24,25(0H),D 
| + 1.25(0H),D 





1,25(OH3D 


Fig. 6.3 À summary of vitamin D metabolism. Factors sumulating 
(+) metabolic conversions are indicated. AÏ the dihydroxylated 
metabolites of renal or hepatic origin are further metabolized before 
excrétion, Uirvimately most vitamin D is excreted through the bile into 
the faeces, in the form of inert metabolites. 


| Caiciferol 
25-hydroxyvitemmin D 
1,25-hydroxyvicamin D 


24,25-hydroxyvitamin D 


2,5-5.0 nmolil, 
25-125 nmol/L* 
50-150 pmol/L' 
1.3-3,8 nmol. 
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of ergocalciferol (vitamin D, — an additive to margarine 
and, in the USA, to milk) or may occur naturally in ani- 
mal products in the form of cholecalciferol. Fish oils are 
the richest dietary source of cholecalciferol. 

In most respects, these two forms of vitamin D have 
similar metabolism and action, The calciferols are fat 
soluble and large quantities can be stored in adipose tis- 
sue. They are virtually without biological activity unless 
they have been hydroxylated, 25-hydroxylation takes place 
in the liver producing 25-hydroxyvitamin D (25(OH)D, 
calcidiol} which is the principal circulating metabolite and 
the prohormone for 1,25(O0H),D (calcitriol), The de- 
pendence on dermal synthesis for provision of vitamin D 
is well illustrated by the marked variation in plasma 
25(O0H)D concentrations through the year in non-tropical 
areas of the world, where values are significantly higher in 
summer and autumn than in the winter and spring. The 
vitamin D metabolites circulate in plasma bound to an 
a-globulin, vitamin D-binding protein and, to a lesser 
extent, to albumin (Table 6.2), 

Most of the circulating 25(OH)D is metabolized 
in the liver via intermediates such as 23,25(OH),D and 
25,26(0H),D into inactive metabolites which are ex- 
creted into the bile, À small proportion of circulating 
25(O0H)D undergoes further hydroxylation in the cells of 
the proximal renal tubules to produce either 1,25(OH),D 
or 24,25(OH),D (secalciferol). 1,25(OH),D is regarded 
as the principal active metabolite of vitamin D and al- 
though circulatuing concentrations of 24,25(O0H),D are 
normally 10 times greater than those of 1,25(OH).D, no 
definite physiological role for this metabolite has been 
proven. 

In contrast to the hepatic 25-hydroxylation, the renal 
la-hydroxylation is closely regulated, being enhanced by 
low circulating levels of phosphate and 1,25(OH),D and 
by high levels of PTH. When these conditions are re- 
versed, lü-hydroxylase activity decreases and that of the 
24-hyroxylase becomes greater, Other factors may also in- 
fluence renal hydroxylation of vitamin D. /n vitro calcium 


“Higher in sommér/sutins disn tistehpelhe 


“Higher in pregnancy and during puberty 


‘DBP = vitamun D binding protein 
Interconversions 
10 nmol s 4 lg = 160 international units 
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can stimulate la-hydroxvlation independentiy of PTH. 
Direct or indirect effects of growth hormoné, prolactin, 
céstrogens and calcitonm have also been described. 
1,25(OH),D is inactivated by the formation of more 
polar metabolites which are excreted primaniy into bile. 
Over 96%% of all vitamun D is eliminated ultimetely through 
the bile into the facces, Since this excretion is largely an 
the form of inactive metabolires it is doubrful if there 15 
any enteroheparic recycling of physiological importance. 

Although the kidneys are undoubtedly the major source 
of production of 1,25{0H),D there is evidence from 
anephric haemodialysis panents that trivial amounts can 
be synthesized extrarenails. In pregnancy 1,25(0H),D 
is synthesizcd in the placenta and in a variety of granulo- 
matous diseases (sarcoidosis, tuberculosis, bervihosis) the 
macrophages of the granulomata can also fa-hydroxylare 
vitamin D. In this circumstance the synthesis is substrate 
dependent, that is, the more 25(OH)D that is available, 
the more 1,25(C0H;.D is synthesized. 

Actions Vitamin D metabolites act via a cytosolc 
receptor which 15 translocated to the nucleus where it 
regulates gene expression, The vitamin D receptor is 
similar in structure to the steroid and thyroid hormone 
receptors, having an amino terminal domain, a central 
DNA-binding domain wich ‘zinc fingers’ and a carboxy 
terminal hormone binding domain. 1,25{O0H),D has an 
affinity for the vitamin D receptor which is approximately 
1000 times greater than that 6f 25(OH)D, which in turn is 
an order of magnitude more potent than 24,25(OH;),D. 
However, the circulating concentration of 25(OH)D is 
substantiaily greater than that 6f 1,25(OH).D, 66 it 18 pos- 
sible that this metabolite has some biologicalls sigmificant 
effect, 

The principal site of action of 1,25(OH),D is the intes- 
tiné, where it stimulates the synthesis of a calcium-binding 
protein thought to mediate intestinal calcium absorption. 
In bone, ît is a potent osteolvtic factor in vire, apparentiy 
acting through osteoblasts to bring about fusion of 6steo- 
clast precursors to form mature osteoclasts, The physi- 
ological importance of its bone resorbing effects 1 
uncertain. 1,25{OH).D also has direct effects on the kid- 
ney and liver, influencing hydroxylation of 25-hydroxy 
vitamin D. 

There are receptors for 1,25(OH),D in many other cell 
types and there is increasing evidence for a role of this 
hormone in regulatuing immune cell function, cell differen- 
tanon and the production of cytokines, 

Synthetic vitamin D analogues À variety of 
1,25(OH).D analogues have been synthesized. I1&-hy- 
droxy vitarmmin D (alfacalcidol) is ramidls metabolized by 
the liver into 1,25(O0H}.D and although having roughly 
half the potency of 1,25(0H),D on à weight basis, is sim 
larly useful in conditions where the lc-hydroxvlation step 
is impaired. Other analogues such as 26, 27 hexafluoro- 
calcitriol are mure notent calcaemic agents. 


À number of analogues with attenuated calcaemic pro- 
perties but énhanced effects on cell differentiation have 
also been developed, Examples include calcipotriol {used 
in the treatment of psoriasis}, 22 oxa-1,25(OH),D and 
422 1,25 S.26-OH).,D. The divergent effects of these 
analogues on cell differentiation and calcium homoeo- 
statis probably reflect pharmacokinetic differences rather 
than distinct 1,25(0H5.D sensitive pathways, since there 
is no evidence that they act through different receptors. 

Measurement of vitamin D metabolites Meas- 
urements Of 25(OH)D and 1,25(OH),D are of value in 
clinical practice, 25(OH)D is principalls a measure of 
vitamin D stores. While its synthesis is dependent upon 
25-—hydroxylation in the liver, even advanced liver disease 
does not seem to be a limiung factor in its production. 
Free levels are normal in most panents with cirrhosis 
though total levels may be low because of associated 
hypoprotemaemis. 1,25(OH).D is present in levels only 
onc-thousandth of those of its precursor (Table 6.2), Its 
production is closely regulated and so is not tied 16 levels 
of its precursor, exCENT in cases of severe vitamin D defi- 
ciency. Renal disease has à major impact on its circulating 
levels as do states of parathyroid over- or underactiviry. 

Because of the marked protein binding af both these 
vitarrin D metabolites, quantitation is preceded hy de- 
proteimizsanon and partial purification to remove lipids 
and other mterfering substances. The vitamin D meta- 
bolites are then usually measured by competitive protein- 
binding assavs or by HPLC. These methods do not 
usually distinguish berween the metabolites of vitamin D, 
and vitarun D, but this is acceptable since both groups 
of metaholites are equalls active. HPLC can separate 
these groups of metabolites if required and some laborata- 
ries can also measure free vitamin D metabolite levels, 
although this is of limited clinical value. 


Cdcttortein 


Calcitonin is a 32-amino acid peptide produced in the 
parafollicular cells (C cells) of the thyroid gland in hu- 
mans. Ît contains a disulphide bridge and a proline-amide 
croup at the C terminus, Boch of these and che full amuno 
acid sequence are necessary for biological acuviey. Ir is 
metabolized in the kidnev and has a plasma half-hife of 
approximately 5 minutes. 

Secretion of calcitonin 1s sumulared by an increase in 
plasma calcium concentration and 1e is also released in 
response 10 a number of gut hormones [e.g. gastrin, 
glucagon, secretin, cholecystokinin-pancreozymin), [t re- 
duces plasma calcium concentration by a direct effect on 
osteoclasts, which have a cell surface calcitonin receptor 
linked to adenylate cvclase, Ît causes contracuon of 
osteoclasts and an acute reduction in osteoclastic bone 
resorption. Ît also acts on the kidney where it decreases 
renal tubular cabhsorprion of calcium and phoasnhate, 


Despite these clearly documented actions, its physo- 
logical significance 15 uncertain because its actions appear 
to be transient, Furthermore, chronic calcitonin deficiency 
(as in thyroidectomized patients) or excess (as in medul- 
lary carcinoma of the thyroid} does not seem to produce 
significant changes in Calcium or bone metabolism, 

There are a number of different forms of calcitonin im 
the circulation, many of which are not biologically active. 
Thus, different radioimmmunoassays may detect different 
molecular species. The measurement of calcitonin does 
not form a significant part of the clinical evaluation of 
calcium metabolism but it is an important tumour marker 
for medullary carcinoma of the thyroid. 


Other honnones 


À number of hormones influence calcium and bone 
metabolism in vitro, in normal physiology or in specilic 
pathological circumstances. The oestrogen deficiency 
which develops at the time of the menopause is accompa- 
nied by increases in bone turnovér, plasma calcium and 
calcium excrenion., These changes lead to a reduction in 
bone mass, but are reversible with oestrogen replacement 
therapy. The mechanism of oestrogen acuon on bone re- 
mains uncertain. Oestrogen receptors have been identified 
in bone cells but indirect mechanisms of action, such as a 
modulation by ocstrogen of the production of bone-active 
cytokines, may also be impertant. Similarly, testosterone 
deficieney in men results in osteoporosis. Glucocorti- 
coids can cause marked osteoporosis, These hormones 
act at a number of sites and reduce osteoblastic activity, 
reduce intestinal calcium absorption, increase urinary 
calcium loss and probably increase bone resorption, In 
children, glucocorticoid excess causes marked growth 
rotardanion, Crlucocorncoid deficiency may be associated 
with hypercalcaermma. 

Growth hormone accelerates linear growth in chil- 
dren and increases plasma phosphate by increasing renal 
tubular reabsorption of phosphate, These effects are 
probably mediated by growth hormone-induced changes 
in the producuon of insulin-like growth factor 1 (GE-1. 
somatomedin ©}, There 15 controversy as to the effect of 
the growth hormone-somatomedin axis on bone density. 
Insulin is: anabolic to bone 21 vitro. 

Thyroid hormones are potent stimulators of bone 
resorption and thyrotoxicosis can be associared with 
decreased bone density and hypercaicaemia. Prosta- 
glandins of the E series also stimulate bone resorpuion in 
cure. Parathyroid hormone-related peptide (PTHrP) 
is a l4l-amino acid peptide which 1s responsible for a 
large proportion of cases of humoral hypercalcaemisa of 
malignancy. Eight of the 135 amino terminal amino acids 
are identical to those found in PTH itself and 1t appears to 
act on the PTH receptor. There is evidence for its produc- 
on in both the fetal parathvroid and in the lactating 
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breast, raising the possibihty that àt has a physiological 
role in these two contexts. À carboxy terminal fragment 
of PTHrP may act as an inhibutor of osteoclastic bone 
resorption. Lhrecr measurement of PTHrP by immu- 
noassay is now possible, 


Cyiokenes and gréeeth factors 


It has become apparent that many factors produced 
withun the bone microenvironment have profound influ- 
ences on bone cell funcuion. These include the growth 
factors insubn-like growth factor 1, 5.-microglobulin, 
transforming growth factor 5, fibroblast growth factor and 
platelet-derived growth factor, Some haematopoietic cell- 
derived cytokines, such as interleukin-1 and lymphotoxin, 
are potent osteolytic factors. 


Biochemical assessment of calcium metabolism 


In addition to the assays of calcitrepic hormones dis- 
cussed above, estimation of calcium concentrations in the 
circulation and of calcium fluxes in the gut and kidney are 
of value in assessing patients with disorders of calcium 
metabolism. 


Plasma calcrun 


Às indicated previously, total plasma calcium compnses 
protein-bound, cornplexed and ionized fractions. Thus, 
changes in plasma protein levels or acid-base status will 
affect the relationship berwésen ionized and total calcium. 
In spite of thus, total plasma calcium remains the most 
commonls measured index. It should always be accom- 
panied by a measurement of the plasma albumin concen- 
trauon with which an adjusted plasma calcium can be 
calculated: adyusted plasma concentration (mmolL) = 
measured calcium concentration + 0.02 (40-albumin con- 
centration {@gL)]. Laboratories vary slightiv in the figure 
they take as the mean normal albumin concentration 
(assumed here to be 40 g’L} and thé amount of calcium 
bound to each gram of albumin (assumed here to be 
0.02 mmol/g}. The corrected calcium js only an approxi- 
mation and where there are significant dysproteinaemias 
or acid-base disturbances, lomzed calcium should be 
measured directly. This measurement is also useful in pa- 
tients 10 whom large quantiries of citrated blood products 
have been administered since these individuals have an 
increased proportion of plasma calcium complexed to 
citrate, lonized calcrum is measured using an ion-selective 
electrode, Specimens must be obtained anaerobically to 
minimize changes in specimen pH. pH is usually meas- 
ured and results adijusted to a pH level of 7.4. 

There are diurnal variations in both total and ionized 
plasma calcium levels (Fig, 6,4). Sigmificant changes in 
plasma calcium take place following the ingesrion of a 
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Fig. 6.4 Daurnal varsation mm total plasma calcrum (dotted line), 
iomised calcium (solid Lane) and phosphate (broken line) in normal 
subiects. (From Markets M et al. Science 1981: 213: 672-4, 
reproduced with permission from the Amencan Association for the 
Advancement of Science.) 


calcium-rich meal or of calcium supplements, Posture 
and the application of tourniquets, beth of which can 
influence plasma protein concentrations, may also influ- 
ence total calcium estimations, Total plasma calcium 
nises significantly (by approximately @.1 mmol/L) at the 
mencpause. 


Intestinal calcium absorption 


This is not routinely measured in cliucal practice but 
knowledge of ir is sometimes of value. In the past, 1t was 
measured by metabolic balance in which subjects were 
given a diet with a constant calcium intake and calcium 
absorption was estimated from precise measurements of 
faecal and urinary calcium output. This requires a period 
of 7-10 days as an inpatient and nowadays is used infre- 
quently. Calcium absorption is now most commons 
measured with radiotsotopic techniques in which an oral 
calcium load with “Ca tracer is administered in the fasung 
state and absorption efficiency is estimated from the rate 
of appearance of the isotope in the blood. This method 
can be made more accurate by the simultancous admunis- 
tration of intravenous Ca wluch permits allowance to be 
made for movement of tracer out of the circulation. The 
aire of the oral calcium load accompanving the isotope 1s 
important, Low doses reflect better the active duodenai 
transport, whereas high doses reflect better nét mtestinal 
absorption. The radioisotopes can be replaced with stable 
isotopes of calcium (Ca and *Ca) which are assayed by 
mass spectrometry. À technique which is simpler from 
the analytical point of view and also free of radiation is the 
use of stable strontium absorption as a marker of calcium 
absorption (Appendix E). 


The increment m urine calcium following the admimis- 
ration of a known calcium load has also been used as an 
index of calcium absorption Appendix 21. 


L'nne calctus 


Calcium 1$ measured either in a 24-hour urine or in urine 
collected after an overnight fast. In the latter instance, the 
subject empties the bladder on nising, has a glass of water 
and then collects the urine sample 30 minutes 10 2 hours 
later. In both instances acid (usually 6M hydrochlonc 
acid) is added either before collecuon or subsequently, to 
prevent crystallization of calcium salts. Creatinine is usu- 
ally measured ôn both 24-hour and fasting urine samples 
- in the former case to allow assessment of completéness 
of collection and in the latter as a denominator in relation 
to which the concentration of calcium (and other urinarv 
constiruents) can be expressed, 

The normal range for 24 hour urine calcium is 1- 
7.5 mmol/24 h in men or 1-6.25 mmol/24 h in women, In 
the steady state this reflects the product of the absolute 
dhietary intake of calcium and the net proportion absorbed 
from thé imtestine, Line calcium excretion is commoniy 
increased with hypercalcaemia of any cause and its meas- 
urement contributes little to the differential diagnosis of 
hypercalcaemia. 

Fasting urine calcium can be expressed as a simple mo- 
lar ratio to creatinine (normal values 0.10-0,30 in adults) 
and this is considered to be an index of bone resorption 
{see Ch. 28). If the calcium/creatinine ratio is muluplied 
by the plasma creatinine the resulting product :s the 
calcium excretion per litre of glomerular filtrate (Cas). 
This is useful in assessing the contribution of abnormal 
renal tubular handling of calcium to disorders of plasma 
calcium homoeostatis (Appendix 3). 


Î HÂCEs of bone Lummerter 


These are discussed im more detail in Chapter 28, Indices 
in clinical use include plasma alkaline phosphatase activity 
and plasma osteocalcin (also known as bone gla-protein 
or BGP\, which are indices of osteoblast function, and 
urine excreétion of hydroxyproline, pyridinoline and deoxy- 
pyvridinoline which are products of collagen catabolism 
and reflect bone resorption. 


Hypercalcaemia 


Hypercalcaemia develops when the rate of entry of 
calcium into the extracellular fluid from the bone and 
gut excceds the capacity of the kidney to excrete it. Di- 
minished excretory capacity can be the result either of 
increased renal tubular resbsorption {an important com- 
ponent, for example, in the hypercalcaemia of primary 
hyperparathyroidism and fanulial hypocalciunic hyper- 


calcaemia) or of a reduction in glomerular filtration rate 
(in sarcoidosis, for example, hypercalcaemia is more fre- 
quently encountered in subjects with impaired renal func- 
tion). However, hypercalcaemia itself can affect these 
processes, thus initiating a vicious cycle. Hypercalcaemia, 
by its actions on the kidney, leads to polyuria, volume 
depletion and thus to a reduction in glomerular filtration 
rate and enhanced proximal tubular reabsorption of 
sodium, which carries with it calcium. 

The extent to which hypercalcaemia causes symptoms 
is dependent upon the degree of elevation of plasma cal- 
cium and the rate at which it has risen, When plasma 
calcium is < 3,0 mmol/L a large proportion of patients are 
asymptomatic., The clinical features of hypercalcaemia are 
summarized in Table 6.3. 


Causes of hypercalcaermma 


Primary hyperparathyroidism Primary hyperpar- 
athyroidism 1s the commonest cause of hypercalcaemia 
presenting outside hospital. Prior to the advent of multi- 
channel autoanalysers it was regarded as a rare disease but 
is now a common incidental finding. Its prevalence :s 
approximately 1 per 1000 and it is most frequently diag- 
noseéd in the sixth decade of hfe, where it is two or three 
times as common in women as in men, To some extent 
this can be explained by the postmenopausal rise in 
plasma calcium concentration. The normal distribution 
curve is shifted to the right and therefore a higher propor- 
tion of postmenopausal women must necessarily have 
plasma calcium concentrations above the upper limit of 
normal for younger people. In vounger patients, the sex 
incidences are equal. 

In 90% of cases primary hyperparathyroidism is attrib- 
utable to a single parathyroid adenoma and most of the 
remaining cases are attributable to four gland hyperplasia, 
sometimes as à part of the multiple endocrine neoplasia 


| ECG changes (reduced QT interval, prolonged PR intérval) 
Acébythoeni 


| rer 2 polydipis, volurne depletion 
Reduced glomerular filtration rate 
| Calculi, nephrocalcinosis 





CALCIUM, PHOSPHATE AND MAGNESIUM 95 


syndrome type 1. This syndrome accounts for the majority 
of cases of familial hyperparathyroidism (Table 6.4). Para- 
thyroid carcinoma accounts for fewer than 1% of all cases. 

In multiple endocrine neoplasia type 1 and in many 
sporadic cases hyperparathyroidism appears to have a 
clonal origin. Two genetic mechanisms have been eluci- 
dated. Close to the PTH gene are genes which regulate 
PTH transcription. On the opposite side of the centro- 
mere on the same chromosome (11) is an oncogene. In a 
number of sporadic parathyroid tumours it has been 
shown that whilst one chromosome is intact, the other 
copy is broken so that the coding region for PTH is sepa- 
rated from the regulatory regions, by a mutation known as 
centromeric inversion, so that the oncogene is juxtaposed 
to the PTH coding region. Thus unregulated PTH tran- 
scription can occur through oncogene activation. The 
multiple endocrine neoplasia gene (MEN 1) is also on 
chromosome 11 and in patients with this disorder, MEN 
1 alleles from one (or both) chromosomet(s) 11 are lost. 
Multiple endocrine neoplasia 1 thus arises from the inacti- 
vation of one MEN 1 gene, which is probably a tumour 
suppressor gene. 

Primary hyperparathyroidism may present with the 
symptoms of hypercalcaemia outlined in Table 6.3, but 
frequently patients are symptom-free. Bone disease is 
apparent in fewer than 10% of subjects. These patients 
usually hide bone pain and proximal myopathy. The bone 
disease is seen radiologically as subperiosteal resorption in 
the phalanges, a ‘salt and pepper’ appearance in the skull 
or bone cysts (‘brown tumours”) of the long bones. Ap- 
proximately 15% of patients have renal complications in 
the form of nephrolithiasis or nephrocalcinosis. 

Famnilial hypocalciuric hypercalcaemia (FHH) 
FHH is an autosomal dominant condition in which mod- 
erate hypercalcaemia with relative hypocalciuria is present 


Most common 
Primary hyperparathyroidisen 
Sporudic 
Familial* 
| t diseñse 
Lytic bone disease Sarre mycloma, brenst carcinoma) 
Humoral hypercalcsemia of malignuncey 
PTHrP 
Other local or systemic factors 


| Less comm 


Familial hypocalicrurnic hypercalcaemia 

Granulomatous discase (e.g. sarcoidois, tuberculovis, 
histoplasmosis, leprosy) 

Toxicity with vicermin D or its derivatives 

Post renal transplant 


étnailial foces inchulle matièls endacrine ons CE! 
multiple endncnne ncolana pe ? and Fall Colt 
: rathyroidism: all have autosomal dominant inheritance, The 
familial occurrence of parahyroid cancer has also been described 
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throughout most of life. Patients are usually asympromatic 
though non-specific symptroms of léthargy and polydipsia 
have been observed in some instances. There may be an 
increased incidence of pancreatitis but the frequency of 
nephrolithiasis and peptic ulcer disease is the same as 
in the general population. In most cases the condition 
follows a benign course and the greatest danger to the 
patients is that they will be misdiagnosed as having 
primary hyperparathyroidism and thus subjected to in- 
appropriate surgery, Neonates with this condition can 
sometimes manifest severe hypercalcaemia which re- 
solves spontaneously. FHH accounts for about 2% of 
asymptomatic hypercalcaemia. 

Hypercalicaemia of madignancy Malignancy can 
result in hypercalcaemia by rwo general mechanisms: (a) 
by the secretion into the circulation of factors which 
increase bone resorption and/or decrease urine calcium 
loss (humoral hypercalcaemia of malignancy, HHM); and 
(b} as a result of metastases which lead to local bone 
destruction. 

PTHrP appears to be an important mediator of the 
hypercalcaemia of malignancy. It is synthesized and 
secreted by a number of tumours (e.g. squamous cell 
carcinoma of the bronchus, renal cell carcinoma, breast 
carcinoma) and produces biochemical changes similar to 
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those of primary hyperparathyroidism, though the degree 
of hypercalcaemia is often more severe in HHM and 
plasma 1,25(OH),D levels tend to be suppressed rather 
than increased. 

Hypercalcaemia associated with osteolytic métastases 
is commonly seen in breast cancer, multiple myeloma and 
acuté T cell leukaemia-lymphoma (HTLV I associated 
disease). The bone destruction appears to be mediated by 
ostcoclasts, which are activated by factors released by the 
tumour. The precise identify of these factors is not known, 
although in multiple myeloma lymphotoxin (tumour 
necrosis factor B), interleukin-1 and interleukin-6 have all 
been implicated. 

Granuiomatous disease The macrophages in gra- 
nulomata occurring in sarcoïid tissue, pulmonary tuber- 
culosis and beryilliosis are capable of la-hydroxylating 
25(OH)D, free from normal homoeostatic regulation. 
The production of 1,25(OH),D is dependent on disease 
activity and circulating 25(OH)D concentrations, Thus, 
during the summer months, patients with active disease 
have increased intestinal calcium absorprion. This is usu- 
ally evident as hypercalciuria but some patients, usually 
those with some pre-existing renal impairment, become 
hypercalcaemic. 1,25(OH),D production is rapidly sup- 
pressed by glucocorticoids or chloroquine, 
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Vitarnin D toxicity Excessive intake of vitamin D or 
its analogues can produce hypercalcaemia. This may be 
iatrogenic or the result of self-medication. On withdrawal 
of vitamin D, hypercalcaemia reverses, The rate of re- 
versal is much more rapid in patients Imtoxicated with 
alfacalcido! or calcitriol than it is in patients intoxicated by 
calciferol. In the former instance plasma calcrum reverses 
with a half-time of 1-5 days but in the latter the half-time 
is of the order of 10-30 days. Women being treated with 
vitamin D or its analogues for hypoparathyroidism may 
become hypercalcaemic during lactation or after stopping 
exogenous oestrogen therapy. 

Rarer causes of hypercalcaemia are summarized in 
Table 6.5. Hypercalcaemia in dialysis and kidney trans- 
plant recipients is discussed in Chapter 28. 
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Investigation of hypercalcaemna 


Figure 6.5 sets out an approach to the investigation of 
hypercalcaemia. Having confirmed that true hypercalcae- 
mia exists, a chinical assessment will in many cases point 
to the appropriate diagnosis by revesling evidence of un- 
dertying diseases or medications that may be contrbuting. 
The next stage is biochemical assessment, in which PTH 
measurement is pivotal. The currently available immuno- 
radiometric assays of intact PTH will usually produce 


either an elevared or suppressed value in hypercalcaemic 


subjects thus establishing or excluding the parathyroids 
as the cause of the hypercalcaemia, If mid-molecule or 
carboxy terminal PTH assays are used then renal function 
must be assessed at the same time, since renal impairment 


Clinical assessment: 
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Fig. 6.5 À flow diagram for investigation of hypercalcaemin. 
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15 associated with retention of PTH fragments, making 
interpretation of a single result extremely difficult. If the 
intact PTH concentration is normal in the face of a clearly 
elevatecd plasma calcium, thus may be consistent with eï- 
ther primary hyperparathyroidisem or with FHH, The ratio 
of calcium clearance to creatinine clearance in à 24-hour 
urine collection is useful in distinguishing between these 
two possibilities — in FHH the ratio is usually less than 
Q.01. Screening of family members for hypercalcaemia 
also helps to differentiate FHH from hyperparathyroidism. 
The value of a given PTH assay in the differential diagno- 
sis Of hypercalcaennua can only be determined by climical 
experience and it is potentially dangerous to base major 
diagnostic decisions on à poorly characterized assay, 

If plasma PTH is suppressed, then a variety of other 
investigations can be pursued and the order in which these 
are undertaken will be determined by the clinical clues in 
the given case. À search for mahgnancy is clearly an im- 
portant next step and this may include radioisotope bone 
scanning, cChest radiographs and serum and urine protein 
electrophoresis. Assays for PTHrP are now becoming 
available. Plasma PTHrP concentrations appear to be el- 
evated in most cases of humoral hypercalcaemia of malig- 
nancy and to be low im normal subiects (<2 pmol/L). 
PTHrP levels are also increased in about half of women 
with lytic bone metastases from breast cancer, irrespective 
of whether they are hypercalcaemic. In duficult cases, 
measurement of 1.25{O0H},D may be of value, Elevated 
levels are seen in granulomatous disease, some lympho- 
mas and sometimes in primary hyperparathyroidism, and 
subnormal concentrations are usually found in HHM. 
Measurement of 25(OH)D will allow confirmation of 
vitamin D intoxication, but not 1f it is caused by 
alfacalcidol, calciimol, dihydrotachysterol or calcipotmiol. 

À number of investigations used in the past in the dif- 
ferential diagnosis of hvnercalcaemia have limited utility. 
Hypophosphataemis is a feature of both hyperpara- 
thyroidism and HHM and phosphate levels tend to be 
increased in sarcoidosis and vitamin D toxicity or when 
there is renal impairment. Measurement of plasma chlo- 
ride has been used because of che mild metsbolic acidosis 
associated with primary hyperparathvyroidism, While chlo- 
ride levels do tend to be higher in hyperparathyroidism 
than in HHM this measurement has very little clinical 
utility in individual patients. The same consideranons 
apply to plasma magnesium concentrations. Although 
plasma magnesium is higher in FHH than in primary hy- 
perparathyroidism it 1s of Himited diagnostic value. Smce 
both PTH and PTHrP stimulate renal adenylate cyclase, 
measurement of cyclic adenosine monophosphate excre- 
tion has no discriminant value, 

Skeletal radiologv may be of help, showing myeloma 
deposits which may be missed by a bone scan, showing 
evidence of other malignancy or documenting the changes 
of hyperparathyroidism. Occasionally, use is sul made of 


the glucocorticoid suppression est (prednisolone 30 mg/ 
day for a period of 10 days). In primary hyperpara- 
thyroidism, no change in plasma calcium occurs but in 
granulomatous disease, vitamin D intoxication and in 
haematological malignancies, a sigmiticant fall in plasma 
calcium usually occurs. The analysis of renal tubular 
calcium handling (Appendix 3) can provide information 
on the mechanisms underlving hypercalcaemia but does 
not help to differentiate primary hyperparathyroidism 
from HHM. 

In summary, chnical history and examination together 
with a measurement of intact PTH will allow the cause of 
hypercalcaemia vo be ascertained in the vast majority of 
cases. 


Treatment of hvpercalcaemia 


Details of the treatment of hypercalcaemia are beyond the 
scope of this text but its principles will be reviewed. In 
patients with mild asymptomatic hyperparathyroidism 
many authonities feel that no intervention is nécessary, 
though this remains an area of controversy, Long-term 
follow-up has revealed stability of plasma calcium and re- 
nal funétion in these imdividuals, In hyperparathyroidism 
where therapy 1s necessary, removal of the causarive 
adenoma 15 usually curative, Recurrence is rare, except 
in uraemia and in those patients mm whom hyperpara- 
thyroidism 1s part of the multiple endocrine neoplasia 
syndrome, In postmenopausal women with muild primary 
hypérparathyroidism, hormone replacement therapy brings 
about a moderate decrease in the plasma calcrum level. In 
FHH, no therapy is mdicated and anything less than total 
parathyroidectomy does not influence plasma calcium. 

Individuals with more than mild hypercalcaemia are 
usually volume depleted and the brst step in their man- 
agernent is rehvdratuion with intravenous normal saline. 
This will be associated with increased renal blood flow 
and à resultant increased clearance of calcium through the 
kidneys, In those in whorn hypercalcaëemia 15 secondary to 
osteolysis, therapy with an inbibitor of bone resorption is 
appropriate, This is now satisfactorily achieved with intra- 
venous infusions of bisphosphonates, the majority of pa- 
uents gradually returning to normocalcasmia within about 
a wéek,. 

In the past, forced saline diuresis has been used to 
increase renal cleirance of calcium. This is porentially 
hazardous, particularly in the elderly in whom congestive 
cardiac failure and electrolvte imbalances may cause 
significant morbidity. The infusion of phosphate, which 
can cause widespread metastatic calcification, is another 
dangerous and redundant therapy for hypercalcaemia. 
Steroids are of use in haematological malhgnancies and in 
sarcoidosis. In those conditions in which increased intesti- 
nal absorption of calcium is contributing to hypercalcemia, 
a low-calcium diet is appropriate. 


Hypocalcaemia 


Hypocalcaemia is a relatively uncommon finding but 
it usually indicates a significant underlying abnormality 
réquiring diagnosis and treatment. 


Clinical features 


Hypocalcaemia results in increased excitabiliry of neuro- 
muscular tissue, This may become clinically mamifest 
as tetany, usually presenting as Carpopedal spasm or in 
milder cases as paraesthesiae in the perioral region or 
fingers. Laryngeal stridor and seizures may also occur. 
The electrocardiogram shows prolongation of the QT and 
ST intervals and patients may develop arrhythmias, heart 
biock and congestive heart faïiure. 

In long-standing hypocalcaemia calcification of the 
basal ganglia, psychiatric disturbances and cataracts may 
occur. Hypocalcaemic children may show abnormalhties 
in dental development. 


Causes of hypocalcaemia 


Causes of hypocalcaemia are set out in Table 6.6. Because 
hypoalbuminaemia is observed in patients with a wide 
variety of other diagnoses, it is mandatory to make allow- 
ance for the plasma albumin level or to measure ionized 
calcium when entertaining the diagnosis of hypocalcae- 
mia. The common causes of chronic hypocalcaemia relate 
to abnormalities in the synthesis, secretion or action of 
PTH or 1,25(OH),D or both these hormones. 

Hypoparathyroidism The most common type of 
hypoparathyroidism is that occurring after surgery to the 
thyroiïd or other structures in the neck. It varies widely in 
severity and in some patients is transient, with plasma cal- 
cium returning to normal in the weeks after surgery. Overt 
hypocalcaemia can be precipitateéd in previously asympto- 
matic patients with partial hypoparathyroidism by therapy 
with exogenous oestrogens. 

Idiopathic hypoparathyroidism is a very rare disorder. 
It may present in early childhood associated with congeni- 
tal absence of the thymus — the Di George syndrome, 
These patients have a deficiency in cell-mediated immu- 
nity and the condition has a substantial mortality. Idio- 
pathic hypoparathyroidism presenting between the ages of 
5 and 10 years is more likely to have an autoimmune basis 
and may be associated with other deficiencies such as ad- 
renal insufficiency, gonadal failure, diabetes mellitus and 
pernicious anaemia, The appearance of these abnormali- 
ties may be preceded by the development of chronic 
moniliasis. This group of abnormalities is referred to as 
the type I polyglandular autoimmune syndrome, which 
may be sporadic or familial with autosomal recessive 
inheritance. 

Other forms of idiopathic hypoparathyroidism are aiso 
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likely to have a genetic basis in view of their frequent 
familial occurrence. The variable pattern of inheritance 
suggests that à variety of mutations can produce hypo- 
parathyroidism. Mutations in or near the PTH gene have 
been described in kindreds with autosomal recessive and 
autosomal dominant inheritance respectively. However, 
the occurrence of X-linked recessive inheritance, and the 
finding of associated abnormalities (such as renal dys- 
plasia and sensorineural deafness) and normal PTH genes 
in some kindreds with autosomal dominant inheritance, 
suggest that hypoparathyroidism can also result from 
mutations at loci distant to the PTH gene, which affect 
embryological development, cellular composition or 
homoeostatic regulation of the parathyroids. 
Hypoparathyroidism is characterized by hypocalcae- 
mia, with plasma calcium levels as low as 1.25 mmol/L 
being found. Urine calcium excretion is subnormal and 
the TmP/GFR is increased, leading to hyperphosphat- 
aemia. Bone turnover is reduced, as are intestinal calcium 
absorption and circulating levels of both 1,25 (OH),D 
and intact PTH. Some PTH radioimmunoassays are not 
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able to distinguish low levels from those within the normal 
range. 

Pseudohypoparathyroidism Pseudohypopara- 
thyroidism refers to a heterogeneous group of rare condi- 
ons in which there is resistance to parathyroid hormone 
action, These patients present with much the same clini- 
cal and biochemical findings as in hypoparathyroidism but 
their levels of immunoreactive PTH are high rather than 
low, The resistance 10 PTH seems primarily 10 be in the 
kidney, so some patients show evidence of parathyroiïd 
bone disease. Their hypocalcaemia may be less severe 
than in hypoparathyroidism and may fluctuate, The 
current classification of the disorder is shown in Table 
6.7. 

The most common form of the disorder, type Ia, 
appears 10 be attnibutable to reduced levels of the protein 
G,c in cell plasma membranes. Gt is part of the guanine 
nucleotide-binding protein complex that links the PTH 
receptor 10 the adenylate cyclase catalytic unit. 

The diagnosis of pseudohypoparathyroidism and the 
classification of patients as type I or type Il is dependent 
upon the modified Ellsworth-Howard test (see Appendix 
4). 

Vitamin D disorders Hypocalcaemia is frequently 
encountered where abnormalities of vitamin D metabo- 
lism mean there is a failure to synthesize adequate quanti- 
ues of 1,25(OH),D. This can arise through there being 
insufficient supplies of the precursors (privational vitamin 
D deficiency) or defects in renal la-hydroxylation (either 
inherited or acquired). Finally, there can be end-organ 
resistance to the actions of 1,25(OH),D. In these dis- 
orders, in addition to hypocalcaemia there is usually sec- 
ondary hyperparathyroidism with hypophosphataemia 
and, in bone, osteomalacia or rickets. These disorders are 
discussed more fully in Chapter 28, 


Other causes of hypocalcaemia Acute hypocalcae- 
mia can result from the release into the circulation of any 
factor capable of binding substantial amounts of calcium. 
In acute pancreatitis, free fatty acids fill this role, 
whereas in acute rhabdomyolysis and in the tumour 
lysis syndrome, large quantities of intracellular phos- 
phate are released. Incautious infusion or ingestion of 
phosphate can also result in hypocalcaemia by the same 
mechanism and the infusion of large quantities of citrate 
as a result of blood transfusions has a similar effect. 
Some radiographie contrast dyes contain either citrate 
or the calcium chelator EDTA and can also produce hypo- 
calcaemia. These mechanisms, together with magnesium 
deficiency which impairs both PTH secretion and action, 
contribute to the hypocalcaemia observed in a quarter to 
one half of patients admitted 10 intensive care units. 

In patients with widespread osteoblastic metastases, 
modest hypocalcaemia may occur secondarily to increased 
incorporation of calcium into bone around the secondary 
deposits. Hypocalcaemia is sometimes seen in the neo- 
natal period, being more common in premature infants 
and in the offspning of diabetic and hyperparathyroid 
mothers. Its aetiology is varied (see Ch, 23), 


Investigation of hypocalcaemia 


Figure 6.6 sets out an approach to the differential diagno- 
sis of hypocalcaemia. Clearly, the first step is to confirm 
that hypocalcaemia is not just a reflection of low concen- 
trations Of plasma albumin. An ionized calcium measure- 
ment may be necessary, particularly in acutely ill patients 
in whom calcium binding to albumin or other compo- 
nents of plasma may be abnormal. À number of the causes 
of hypocalcaemia shown in Table 6.6 are easily distin- 
guished clinically. Thus, the acutely ill patent 1is clearly 
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Fig. 6.6 À Bow diagram for investigation of hypocalcaermia, (For abbreviations ace text.) 


distinguishable from someone with chronic hypocalcae- 
mia. The family history may be contributory, there may 
be evidence of other hormonal abnormalities associated 
with autoimmune hypoparathyroidism, there may be a 
past history of thyroid surgery, there may be clinical evi- 
dence of osteomalacia, etc. Data gained at this point may 
allow some of the investigations outlined below to be 
bypassed or may direct the clinician towards specific 
diagnoses. 

In the absence of such clues, plasma creatinine and 
magnésium should be measured at an early stage, since 
renal failure and magnesium deficiency are relatively 


frequent causes of hypocalcaemua. PTH should also be 
assayed to determine whether parathyroid gland hypo- 
function is the aetiology. Plasma phosphate measurement 
is useful, being high in hypoparathyroidiem, syndromes 
of PTH resistance and when hyperphosphataemia is the 
primary disturbance and low in states of abnormal vitamin 
D activity and/or secondary hyperparathyroidism. 

The plan of investigations outlined in Figure 6.6 is only 
a guide and some patients will have multiple pathologies 
which complicate the interpretation of their biochemistry. 
This is particularly true in those with acute illness or 
malignancy. 
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Some investigations not shown in this scherne may also 
be of value, À measurement of TmP/GFR is useful in 
confirming the diagnosis of hypoparathyroidism and 
the modified Ellsworth-Howard test in the diagnosis of 
pseudohypoparathyroidism, Plasma alkaline phosphatase 
activity will be normal or low in hypoparathyroidism 
but will be elevared in most patients with secondary 
hyperparathyroidism. 


Treatment of hypocalcaemia 


À detailed discussion of treatment is beyond the scope of 
this text but the principles involved will be outlined. 
Clearly the underlying condition needs to be sought and 
in some cases appropriate treatment of that will correct 
the hypocalcaemia. In acute symptomatic hypocalcaemia, 
intravenous infusion of calcium gluconate may be neces- 
sary. In vitamin D deficiency, treatment should be with 
vitamin D itself both for reasons of cost and safery. Reple- 
tion of vitamin D does not bypass the body's homoeo- 
static control of plasma calcium concentration, as will 
occur if 1a&-hydroxylated vitamin D metabolites are used, 
The latter are preferred, however, in those conditions in 
which 1&-hydroxylation is impaired and pharmacological 
doses of vitamin D would otherwise be néeded, such 
as hypoparathyroidism, pseudohypoparathyroidism and 
vitamin D-dependent rickets type I. 





PART 2 
PHOSPHORUS METABOLISM 





Distribution of body phosporus 


Phosphorus accounts for about 1% weight of the elemen- 
tary composition of the human body, that is, about 23 mol 
in a 70 kg adult human. Of this, the bulk (85%) is in the 
skeleton and teeth (largely in the form of hydroxyapatite) 
and some 14% is located within the cells of the soft tis- 
sues. Within different cell types the phosphorus content 
may vary from 300 to 1300 mmol/kg. Only 1% of total 
body phosphorus is within extracellular fluids (Table 6.8). 

In the blood, phosphorus is present in both organic 
forms (phosphoproteins, phospholipids, etc.) and the in- 
organic form (as phosphate). The inorganic moiety, which 
is what is measured routinely in laboratories, exists pre- 
dominantiy in the form of the ions HPO,* and H,PO, in 
a ratio of about 4:1., Some 15-20% of imorganic phos- 
phate is non-covalently bound to plasma proteins and is 
not ultrafilterable. 


Inrracellular phosphorus 
Phosphorus is important in the metabolism of all cells. It 
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“Thé phosphorus content in plasma which is commonts measured 
and described as phosphate concentration 





is a key component of a wide array of biological molecules 
including the phospholipids of cell membranes and intra- 
cellular organelles, nucleic acids, enzyme cofactors and 
glycolytic intermediaries, Phosphorvylation or dephosphor- 
vlation induces dramatic shifts in the activity of many en- 
zvmés. Organophosphate compounds such as adenosine 
trisphosphate (ATP, creatine phosphate and diphospho- 
glyvcerate store chemical energy in their high energy phos- 
phate bonds. Hydrolysis of ATP provides the main energy 
source for many metabolic processes and for muscle con- 
traction. In muscle, ATP is replenished by the donation of 
phosphate groups from creatine phosphate. In the mito- 
chondria, phosphate-containing proteins play essential 
roles in the electron transport system. Other phosphate- 
containing intracellular molecules include cyclic adenos- 
ine monophosphate and inositol trisphosphate which act 
as second messengers. 

Although organically bound phosphate levels within 
cells are much greater, non-organically bound intracellu- 
lar phosphate also has important direct effects on cellular 
energy metabolism. For example, glucose uptake, lactate 
production and levels of ATP all vary directly with the 
intracellular phosphate concentration, The level of intra- 
cellular phosphate is also an important regulator of en- 
zyme activity in the glycolytic pathway. Within red cells 
the concentration of 2,3-diphosphoglycerate (2,3-DPG) 
plays a crucial role in oxygen availability to the tissues. 
In phosphate deficiency 2,3-DPG synthesis is decreased, 
which increases the affinity of oxygen to haemoglobin and 
thus decreases the release of oxygen Lo the tissues. 

Cytoplasmic inorganic phosphate concentrations are 
similar to those in the extracellular fluid (1-1,3 mmol/L), 
but are not in simple equilibrium. The electrical potential 
of cells in relation to the extracellular fluid means there is 
a negative potential across the membrane tending to répel 
phosphate ions from the cytoplasm. An acuve process 
pumps phosphate ions into cells against this membrane 
potential in order to maintain cytoplasmic phosphate 
concentrations. 

Cytoplasmic inorganic phosphate concentrations 
change in response ro shifts in the balance berween the 


organic phosphate pool and cytosolic phosphate. Exam- 
ples of this are in skeletal muscle when an increase in 
workload leads to the net degradation of creatine phos- 
phate and generation of cytoplasmic phosphate. In cells 
in which glycolysis is taking place, such as erythrocytes, a 
fall in cytoplasmic pH stimulates glycolysis. Glycolytic 
intermediaries, which are organic phosphates, accumu- 
late in the cytoplasm and cause a marked deplerion of 
cytoplasmic phosphate. 

Although cells can regulate their steady-state concen- 
trations Of phosphate metabolites in the face of changes 
in extracellular phosphate, severe hypophosphataemia can 
deplete intracellular phosphate. Large fluxes of phosphate 
across the cell membrane can, in turn, affect extracellular 
phosphate concentrations. Various intracellular metabolic 
disturbances, hormones and hydrogen ion shifts can all 
cause chnically significant redistribution of phosphate. 
Examples of mechanisms which permit shifts of phos- 
phate into cells include systemic alkalosis, the stimulation 
of adrenoreceptors by çcatecholamines or sympathomi- 
metic agents and the insulin-mediated entry of glucose 
into cells. 


Phosphorus homoeostasis 


The main sources of phosphate transfer to and from the 
plasma pool are the intestine, bone, soft tissues and the 
kidneys. Under steady-state conditions the net intestinal 
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phosphorus absorption equals the net urine excretion 
(Fig. 6.7). Small amounts of phosphate (-1 mmol/24 h) 
may be lost in the sweat. The phosphate content of breast 
milk is around 1.8 mmol/L, and a breastfeeding woman 
will lose 1.4 mmol/24 h in the milk. 

There are two specific mechanisms which react to vari- 
ations in phosphate status in order to maintain phosphate 
homoeostasis, despite fluctuations either in supply (diet, 
intestinal absorption) or demand (growth, mineralizanon, 
cellular metabolism), These two mechanisms comprise 
(a) 1,25(OH).,D synthesis, through the 1a-hydroxylation 
of 25(OH)D, by the cells of the proximal tubules of the 
kidney, and (b) the response of the renal tubular phos- 
phate transport system (in both proximal and distal tu- 
bules). 1,25(OH),D regulates plasma phosphate primarily 
by its action on intestinal phosphate absorption, whereas 
the renal tubular transport system regulates urinary phos- 
phate excretion, Both mechanisms are rapidly stimulated 
in response to restrictions in phosphate supply. These re- 
sponses occur independently of PTH and are independent 
of each other, ie, the increase in 1,25(OH),D production 
is not responsible for the change in renal tubular 
reabsorptive capacity. However, both mechanisms operate 
from the same anatomic site (the renal tubule), and in 
many Circumstances there is a striking parallelism in the 
response of the la-hydroxylase system and the renal tubu- 
lar phosphate transport system, which suggests that these 
two controlling elements might be regulatéd by a single 
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Fig.6.7 Representative fluxes (mmol/24 h) in a healthy adult (70 kg body — for 
phosphate, The exchanges with soft tissues are not illustrated in this diagram. For 
phosphate metabolism the major sites of action of parathyroid hormone (*) and 
1,25(0H),D (°°) are indicated. PTH reduces renal tubular reabsorption of phosphate 
and increuses urine phosphate excretion. (Modified with permission from Wilkinson KR. 
Absorpuon of calcium, phosphorus and magnesium. In: Nordin B E C (ed) Calcium, 
phosphate and magnesium metabolism. Edinburgh: Churchill Livingstrone, 1976.) 
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signal. This signal is probably not the plasma phosphate 
level itself, but rather an intracellular phosphate pool by 
which supply and demand are matched. Thus during 
lactation, growth or recovery from privational osteo- 
malacia, when demand for phosphate is high, then both 
1,25(O0H),D production and the renal tubular absorptive 
capacity for phosphate are increased and in consequence 
so is plasma phosphate. In early renal failure the satura- 
uon of this intracellular pool 1s responsible for a fall in 
1,25(0H),D production and tubular absorptive capacity 
long before plasma phosphate levels become elevated, 


Dietary phosphate and intestinal absorprion 


Phosphate is present in a wide range of foodstuffs, so that 
if the diet is adequate in other nutrients it is usually also 
adequate in phosphate. À typical Western diet contains 
around 6.5 mmol/kg body weight/day. There is a con- 
siderable power of adaptation to low phosphate intake, 
so it is difficult to establish a minimum dietary requirce- 
ment. Hypophosphataemia secondary solely to inadequate 
intake is extremely rare, À measurable increment in 
1,25(0H),D production, which is one of the adaptive re- 
sponses, occurs when dictary phosphate is reduced to 
3.2 mmol/kg/dav. 

Phosphate absorption takes place most efficiently in the 
duodenum and jejunum, though the ileum contributes 
most in absolute quantity because of its greater length. 
Approximately 67% of dietary phosphate is absorbed from 
the jejunum and ileum even under conditions of phos- 
phate repletion, by a passive non-sarurable mechanism. 
Thus the net absorption increases in parallel with dietary 
phosphate content. The active, 1,25(O0H),D-dependent, 
saturable component to phosphate absorption mainly in- 
creases jejunal uptake. The bioavailability of intestinal 
phosphate is reduced by a high calcium intake, which 
forms insoluble complexes with phosphate in the intesti- 
nal lumen. Aluminium salts react similarly. Phosphate is 
secreted in the digestive juices at a rate of approximately 
0.1 mmol/kg/24 h, about 67% of which is reabsorbed 
from the intestine. Phosphate fluxes are summarized in 
Figure 6.7. 


The renal tubular reabsorption of phosphate 


À high proportion of the phosphate in plasma is ultra- 
filtérable and about 75% of filtered phosphate is 
reabsorbed by the proximal tubule, A further 5-20% is 
reabsorbed in the distal rubule and/or cortical collecting 
duct and the remainder (15-40 mmol/24 h in an adult) 
appears in the urine. 

If phosphate is infused intravenously and the urine ex- 
cretion rate of phosphate measured, then above a certain 
plasma concentration of phosphate all additional incre- 
ments in the filtered load will be paralleled by the same 


increment in urine phosphate; that is, the relationship 
berween the phosphate excretion rate and the plasma 
phosphate is linear, with a slope that equals glomerular 
filtration rate at high (saturating}) filtered loads. Extrapo- 
lating this line back to where the urine phosphate excre- 
tion rate is zero defines the threshold of glomerular filtrare 
(and hence plasma) phosphate concentration (TmP) 
which the renal tubular homoeostatic mechanism is seek- 
ing to maintain, in relation to GER, {n wivo this can be 
determined by calculating the clearance of phosphate rela- 
tive to creatinine chearance on a fasting urine sample and 
using the nomogram of Bijvoet and Walton, which relates 
this value to the prevailing plasma phosphate level (TmP/ 
GER). This 1s performed fasting to avoid changes in 
plasma phosphate due to food intake and requires a urine 
sample and a plasma sample (see Appendix 5 for method). 

Factors regulating TmmP/GFR À number of endo- 
crine and non-endocrine factors are involved in the regu- 
lation of TmP/GFR and hence plasma phosphate (Table 
6.9). Amongst the most important is parathyroid hor- 
mone (PTH). Changes in plasma phosphate do not di- 
rectiy affect PTH secretion, but PTH acts on the renal 
tubulé., An elevauon in PTH (for example, in primary 
hypérparathyroidism or secondary hyperparathyroidism 
due to vitamin D deficiency) reduces TmP/GFR. When 
PTH levels are low or there is insensitivity to the hormone 
(hypoparathyroidism or pseudohypoparathyroïidism) then 
TmP/GFR is increased. Parathyroid hormone-related 
peptide has similar effects to PTH on renal phosphate 
handling. The phosphatunic effects of PTH and PTHrP 
résuit from action at multiple sites along the nephron and 
are mediated through cAMP production. 

The high TmP/GFR seen in childhood and in acro- 
megaly is mediated through insulin-like growth factor 1 
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(somatomedin C). TmP/GFR is increased in thyrotoxico- 
sis and decreased by corticostéroids. 

The increase in plasma phosphate seen after the meno- 
pause is abolished by oestrogen replacement therapy. 
There is little evidence that 1,25(OH}),D greatly affects 
renal phosphate handling. Calcitonin given in pharmaco- 
logical doses acutely decreases the TmP/GFR. In general, 
acidosis (whether respiratory or metabolic) reduces phos- 
phate reabsorption, whereas alkalosis has the opposite 
effect. Calcium itself can affect phosphate transport in the 
kidney. In normal subjects this is difficult to demonstrate 
because of concurrent changes in PTH, but calcium 
infusion in hypoparathyroid subjects ultimately increases 
urine phosphate losses and reduces the plasma phosphate 
by reducing TmP/GFR. 

Various drugs may induce changes in TmP/GFR. In 
general these are small, the exceptions being acetazola- 
mide which reduces TmP/GFR, and the bisphosphonate, 
etidronate disodium. When given at doses 2 10 mg/kg 
etidronate causes a dose-dependent increase in TmP/GFR 
and plasma phosphate (which can rise by up to 1 mmo/L. 
above pretreatment values). 

Renal phosphate handling may also be affected by 
haemodynamic changes, Patients with a single kidney (for 
example, transplant recipients or live kidney donors) have 
à high filtered load per nephron and lower TmP/GFR as 
an adaptation. Phosphaturia also accompanies the natriu- 
resis which follows volume loading, poorly controlled dia- 
betes or diuretic use, because renal phosphate transport 
is related to sodium transport. PTH is needed for the full 
expression of this phenomenon. 

There are a number of conditions which share as a 
central feature a loss of the PTH-sensitive component of 
phosphate transport in the proximal tubule, a low TmP/ 
GFR and hypophosphataemia. This defect may be inher- 
ited or acquired. The clinical manifestations depend on 
the severity of the phosphate leak, the degree of response 
to the iü-hydroxylase enzymé to the ensumg hypophos- 
phataemia, the age at onset and associated defects. In 
some instances (for example, in some cases of idiopathic 
hypercalciuria) the primary defect appears to be a low 
TmP/GFR with modest hypophosphataemia and in 
response to this there is an appropriate increase in 
1,25(O0H),D production. Intestuinal absorption of calcium 
and phosphate is enhanced and the extra calcium that 
is absorbed appears in the urine, predisposing to renal 
stones, but there is no bone disease. In the various forms 
of hypophosphataemic rickets and osteomalacia there is 
an inadequate 1,25(OH),D response and the combination 
of lower plasma phosphate and low plasma 1,25(OH),D 
causes a failure of mineralization, An intermediate dis- 
order with both bone disease and hypercalciuria has also 
been described, 

The precise physiological and molecular basis of these 
disorders is unknown, The commonest form of hypo- 
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phosphataemic rickets in humans is X-linked and the gene 
has been mapped to the short arm of the X chromosome. 
In mice, two distinct genetic hypophosphataemic dis- 
orders are recognized. These also map to loci on the X 
chromosome. As yet the gene products and their mecha- 
nisms of action are unknown. The proximal tubular cells 
each have 6-7000 microvilli on their luminal surface (‘the 
brush border”) and it is transport of phosphate across che 
brush border luminal membrane that is affected. Phos- 
phate transport occurs against a large electrochemical 
gradient and appears to be coupled secondarily to active 
sodium transport, but the chemical nature of the putative 
brush border membrane phosphate transporter is un- 
known. It is probable that a variety of defects exist 
accounting for the clinical heterogeneity of the hypo- 
phosphataemic conditions. The bone diseases associated 
with hypophosphataemia are discussed in Chapter 28. 


Plasma phosphate concentrations 


There are marked age-related changes in plasma phos- 
phate, with the highest levels seen in early infancy when 
growth velocity is highest. Throughout childhood and 
adolescence, plasma phosphate concentrations remain 
higher than in adults. In adulthood a decline in fasting 
plasma phosphate concentrations is seen in men after the 
age of 40. In women there is little change, but a small 
increment (approximately 0.07 mmol/L) occurs after the 
menopause. Plasma phosphate does not change during 
pregnancy but is significantly elevated during lactation. 
The age-related and lactation-related changes in plasma 
phosphate are mediated through changes in TmP/GFR 
(Table 6.10). 

There is marked diurnal variation in plasma phosphate. 
During the day levels are substantially higher in the mid- 
afternoon than in the early morning and there is a second 





Reference range for plasma 


Sex 
phosphate (mmol/L) 
Last trimester in arme MF 0O.8-1.4 
1 day M,F  1.0-246 
l duv - 1 month M,F  1.8-3.2 
1-12 months M,F 14-21 
| 1-14 veurs MF 1217 
| 14-18 vears M,F* 10-16 
| 18-45 years M,F 08-14 
| > 45 veurs F Ü.8-1.4 
> 45 years M 0,7-1,2 
Lectation F L.1-1,5 


“The decline in plasma phosphate levels from adolescent to adult 

| values occurs on avernge 2 vears earlier in girls than boys. Adult 
levels are reached around age 15 in girls and age 17 in boys, This | 
parallels the earlber start and finish vo the adolescent growth spurt in | 
girls. 
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peak in the early hours of the morning (Fig. 6.4). This 
early morning peak is attenuated with age. Plasma phos- 
phate rises postprandially and subsequently falls as phos- 
phate either enters cells or is excreted. The fall in plasma 
phosphate after a meal is partly attributable to insulin- 
dependent stimulation of glycolysis, which increases intra- 
cellular phosphate utilization. 


The major causes of hyperphosphataemia are listed in 
Table 6.11. Hyperphosphataemia may arise through an 
increase of phosphate input into the blood or decreased 
excretion. The latter may result from a reduction in GFR 
or an increase in TmP/GFR. Conditions in which the 
TmP/GFR is raised generally cause modest hyperphos- 
phataemia (plasma phosphate 1.4-2.4 mmol/L). Tumoral 
calcinosis in non-uraemic subjects is a rare, often domi- 
nantly inhenited disorder, associated with a high TmP/ 
GFR and hyperphosphataemia. Periarticular calcific 
masses accumulate which are subject to breakdown and 
chronic inflammation. 

Renal failure, whether acute or chronic, can cause 
hyperphosphataemia but it does not usually occur until 
the GER falls below 30 mL/min. If renal function deterio- 
rates further, plasma phosphate rises exponentially and 
may reach 6 mmol/L at end stage. Other abnormalities of 
phosphate metabolism which are present early in the 
course of renal failure are important in the aetiology of 


recovery from vitamin D deficiency 
Pathological 
reduced PTH (or PTH resistance) 





hyperparathyroidism and are discussed further in Chapter 
26. 

The diet rarely contains sufficient phosphate to cause 
significant postprandial hyperphosphataemia, but exces- 
sive input of phosphate can occur with the use of intrave- 
nous phosphate salts or phosphate enemas. The latter is 
particularly liable to occur with children unless the dose of 
phosphate in the enema is reduced. Massive cell death 
with release of intracellular phosphate can cause hyper- 
phosphataemia. Examples of the latter include rhabdo- 
myolysis and the tumour lysis syndrome, seen after the 
initiation of chemotherapy in childhood leukaernia. It 
should be emphasized that, as with hypercalcaemia, an 
increased input of phosphate into the circulation is much 
more likely to cause severe hyperphosphataemia if there is 
coexistent renal impairment and thus a reduced capacity 
to excrete phosphate. This is often the case in critically ill 
patients. 

Plasma phosphate may be artefactually raised (by about 
30%) in severely haemolysed samples. Pseudohyperphos- 
phataemia has also been described with certain chromo- 
genic assay methods of automated analysis in patients 
with paraproteinaemia or hypertriglyceridaemia. 


Consequences of hvperphosphataema 


No specific symptoms are directly attributable to hyper- 
phosphataemia. However, when the calcium x phosphate 
product in blood exceeds the solubility product (approxi- 
mately 4.85 x 10° molar units) soft tissue (metastatic) 
calcification occurs. This is most commonly seen in 
Chronic renal failure where calcification occurs in blood 
vessels, the skin, heart, lungs, kidneys, conjunctivae and 
around joints. Interstitial calcification of the kidnevys is of 
particular importance since it impairs renal function fur- 
ther and reduces the ability to excrete phosphate loads. 
The deposition of calcium phosphate salts into the skin is 
thought to contribute to the pruritus of chronic uraemia, 
a symptom which may improve with better control of 
hyperphosphataernia. The syndrome of progressive is- 
chaemic skin ulceration (calciphylaxis) in renal failure 
patients has also been attributed to calcium phosphate 
deposition. In this syndrome ulcers spread rapidly with 
infection of the necrotic tissues. Histologically, there is 
extensive arterial and arteriolar calcification and thrombo- 
sis. These lesions do not respond to local therapy, but do 
heal after parathyroidectomy (which acutely reduces the 
calcium x phosphate product). Urgent parathyroidectomy 
is indicated in this condition. 

If plasma phosphate 1s raised acutely then plasma 
calcium levels fall by a mass action effect and thus is seen, 
for example, with the rumour lysis syndrome and rectal or 
intravenous phosphate administration. This is the basis of 
the use of intravenous phosphate in the management 
of malignant hypercalcaemia. However, the perils of soft 


tissue calcification induced by this treatment outweigh 
the potential benefits. 


Diagnostic approach to hyperphosphataemia 


The history should demonstrate excessive exogenous 
phosphate supply (intravenous or rectal). Massive cell 
death in, for example, rhabdomyolysis or the tumour lysis 
syndrome should also be evident from the clinical setting. 
Rhabdomyolvsis can be confirmed by measurement of 
plasma creatine kinase activity. 

Diminished excretion of phosphate due to severe renal 
failure is evident from measurement of the plasma creati- 
nine. The most convenient method of detecting changes 
in TmP/GFR is to use the nomogram of Walton and 
Bijvoet (see Appendix 5). In interpreting the result it is 
important to bear in mind the normal age-related changes 
in this index. There is no diagnostic value in measuring 
the 24 h urine phosphate excretion, which in steady-state 
conditions reflects the product of dietary phosphate con- 
tent and fractional phosphate absorption. Other measures 
of urinary phosphate clearance have theoretical failings 
compared to the TmP/GFR. 


Therapeuric approach to hyperphosphataemia 

Hyperphosphataemia due to a raised TmP/GFR is rarely 
high enough to require specific action. Phosphate control 
is, however, important in patients with endstage renal 


Primary hyperparathyroidism 
Privational vitamin D 
deficiency with secondary 
hyperparathyroidisn 


| Post renal transplant 
Hypophosphataemic rickets or 


Alcoholie - he) 
Dinbetic ketoacidoeis 
— FÉCOVETY 
Hyperalimentanion 
Heparic failure 
Long distance running 
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disease, both to limit damaging metastatic and vascular 
calcification and to control the development of hyper- 
parathyroidism. There are various salts of aluminium, 
magnesium and calcium which, when administered orally, 
bind phosphorus in the intestine and limit its absorption. 
Aluminium hydroxide is the most effective of these agents, 
but significant quantities of aluminium may be absorbed 
which have toxic effects on bone. Other phosphate- 
binders such as calcium acetate, calcium carbonate and 
magnesium carbonate are increasingly used instead of alu- 
minium salts. In dialysis patients inadequate phosphate 
control may be due to a number of factors (see Table 
28.8). 

Acute renal failure can complicate the rumour lysis syn- 
drome and is attributable to phosphate and urate released 
from cells, Maintaining a brisk saline diuresis at the time 
chemotherapy is begun reduces the risk of developing 
acute renal failure, 


Méchanisms 


Hypophosphataemia can arise by three mechanisms: (1) 
inadequate phosphate absorption from the intestine; (2) 
shifts of phosphate from extracellular fluid into cells; 
(3) abnormal urinary phosphate losses (Table 6.12). 

(1) As indicated earlier it is very rare that the diet is 
so inadequate in phosphate that on its own it Can cause 


Contribution of phosphate malabsorprion depends on Il 25(0HD,D response to RRRNENENTIERE ES USE 


“Due 10 f-agonist use 
"Phosphururis associated with glycosuria 
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hypophosphataemia, However, chronic malnutriion can 
result in a deficit of whole body phosphate such that, 
when conditions occur in which there is a shift of phos- 
phate from the extracellular to intracellular compartment, 
profound hypophosphataemia may supervene. Inadequate 
dietary phosphate may thus be a predisposing factor 
to, rather than a direct cause of, hypophosphataemia. 
Clinically significant hypophosphataemia due to the use of 
phosphate-binding antacids has been described, but this is 
now rare because of the availability of alternative thérapies 
for peptic ulcer disease. 

(2) Hypophosphataemia can result from the acute shift 
of phosphate into cells. Less than 1% of total body phos- 
phate is in the extracellular space, so small shifts of no 
more than 6 or 7 mmol can induce significant changes in 
plasma phosphate concentrations. If this occurs without 
prior intracellular phosphate depletion then the condition 
is usually benign and self-limiting. The most frequently 
encountered conditions in which this phenomenon occurs 
are: 

(a) Nutrinional replenion. Providing sufficient calories, 
protein and other nutrients to the malnourished patient 
allows accelerated tissue accretion. Cellular uptake and 
utilization of phosphate increases, initially for the pur- 
poses of phosphorylation of glucose and fructose and ATP 
synthesis. When insufficient quantities of phosphate are 
provided an acute state of severe hypophosphataemia, 
with intracellular phosphate depletion, occurs. The clini- 
cal and metabolic consequences can be serious. Examples 
of situations in which this mechanism operates include the 
treatment of diabetic keroacidosis and during parenteral 
nutrition, 

(b) Respiratory alkalosis. Hyperventilation due to any 
cause will reduce the carbon dioxide content of the blood 
and cells. Intracellular hydrogen ion concentration falls, 
which activates the enzyme phosphofructokinase, which 
in turn accelerates phosphorylation of glucose, Phosphate 
is taken up rapidly from the plasma and hypophosphatae- 
mia results. Examples of clinical situations in which this 
mechanism occurs include liver failure, severe thermal 
burns, salicylate poisoning, alcoholic ketoacidosis, alcohol 
withdrawal and in patients with sepsis and bacteraermia. 
Hyperventilation in these situations may be the result 
either of direct metabolic effects or simply fear and pain. 

(c) Increased muscle uptake. Prolonged intense exercise 
can increase uptake of phosphate into muscle in an 
attempt to replenish creatine phosphate stores. This 
has caused profound hypophosphataemia in marathon 
runners. 

(3) Increased urinary phosphate loss is usually a 
chronic phenomenon resulting from a low TmP/GFR and 
gives rise to moderate hypophosphataemia and osteomala- 
cia (Ch. 28). In uncontrolled insulin dependent diabetes, 
phosphate is lost in the urine as a result of osmotic diure- 
sis, which contributes to the occurrence of hypophos- 


phataemia once insulin therapy is begun. À reduction in 
TmP/GFR also contributes to hypophosphataemia in pa- 
racetamol overdose in which modest hypophosphataemia 
can occur in the absence of significant hepatic damage. À 
reduction in TmP/GREF, along with other renal tubular 
function abnormalities, is commonly seen in alcoholics. It 
reverses on abstinence. 


Consequences of hypophosphataemria 


Müld hypophosphataemia (0.35-0.80 mmol/L. in an adult) 
is not harmful in the short term, but if chronic it may 
induce osteomalacia, When plasma phosphate concentra- 
tions fall below 0.35 mmol/L. the acute syndrome of phos- 
phate deficiency may develop, The major manifestations 
are listed in Table 6.13. 


Dhagnosne approach to hypophosphartaemia 


The acute phosphate deficiency syndrome often arises in 
patients critically 1ll from other causes and the symptoms 
of phosphate deficiency may mimic features of these 
ilinesses, Examples of this include deteriorating mental 
function simulating encephalopathy in the hepatic failure 
patient and tremor and irritability simulating withdrawal 
symptoms in the alcoholic. The detection of severe phos- 
phate deficiency thus depends on anticipating the circum- 
stances in which it might occur and requesting laboratory 
confirmation. In these circumstances measurement of 
plasma phosphate is usually sufficient, but assessments of 
recent dietary and intravenous phosphate intake may also 
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be helpful. In all cases of severe acute hypophosphataemia 
phosphate disappears from the urine, so little information 
can be gained from its measurement. In the case of 
chronic hypophosphataemia causing osteomalacia, the 
critical investigation is determination of the TmP/GFR,. 

Nuclear magnetic resonance has been used to detect 
changes in intracellular phosphate metabolism and has 
proved particularly valuable in research on muscle dis- 
cases. The technique is not, however, generally available 
for clinical practice. Isotopic tests of intestinal phosphate 
absorption have also been used in research, but have little 
practical clinical application. 


Therapeuric approach to hyvpophosphataemna 


Mild acute hypophosphataemia secondary to redistribu- 
tion (plasma phosphate 0.35-0.80 mmol/L, in adults) is 
usually transient and requires no specific treatment. 
Severe hypophosphataemia (<0.35 mmol/L) occurs only 
when there has been a cumulative net loss of around 
100 mmol of phosphate. Symptoms of hypophosphatae- 
mia become present when net losses reach around 
300 mmol. However, the deficit in total body phosphate 
cannot be reliably predicted from the plasma phosphate 
concentration. 

Treatment may be given orally in the form of sodium 
or potassium hydrogen phosphate (100 mmol phosphate 
daily in divided doses for a week), but often with critically 
ill patients intravenous replacement is necessary, particu- 
larly in those with symptomatic acute hypophosphatae- 
mia. Intravenous therapy can be safely undertaken using 
monobasic potassium phosphate (KH,PO,) in a dose af 
50-100 umol/kg body weight in half normal saline by 
continuous infusion over 12 hours, This can be repeated 
every 12 hours with monitoring of plasma calcium, 
phosphate and potassium. Intravenous administration can 
be stopped when plasma phosphate has risen above the 
symptomatic watershed of 0.35 mmol/L. 

Prevention is appropriate for at-risk patients. For ex- 
ample, many patients receiving total parenteral nutrition 
require about 0,5 mmol phosphate/kg body weight/24 h 
and occasionally more. Alcoholic patients receiving intra- 
venous glucose should receive phosphate supplementation 
too. 

The complications of intravenous phosphate admin- 
istration include hyperphosphataemia, hypocalcaemia, 
hyperkalaemia and acidosis. Oral phosphate is a laxative 
which may induce diarrhoea. 


PART 3 
MAGNESIUM METABOLISM 


Most magnesium is in the mineral phase of bone or within 


Intraceltular 
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the cells of the soft tissues. After potassium it is the most 
abundant intracellular cation. Within cells magnesium is a 
cofactor in over 300 enzymatic reactions, involving energy 
metabolism and protein and nucleic acid synthesis. It 1s 
of particular importance in those processes involving the 
formation and utilization of ATP. All enzymatic reactions 
involving ATP have an absolute requirement for magne- 
sium. Less than 0.5% of total body magnesium is present 
within the plasma, although for practical purposes the 
measurement of plasma or plasma magnesium is the only 
widely used method for determining magnesium status. 
Ir is evident that this measurement may not reflect 
accurately whole body magnesium status. The body dis- 
tribution of magnesium in an adult is summarized in 
Table 6.14. The magnesium content of infants is lower 
than adults (approximately 10 mmol/kg body weight, 
compared to 16 mmol/kg body weight in adults). 


Magnesium fractions in the plasma have been studied less 
than those of calcium, partly because of methodological 
difficulties and partly because of their apparently lesser 
clinical significance, Approximately 60% appears to be 
ionized and 15% complexed (with phosphate, citrate or 
bicarbonate), the remainder being protein bound, The 
ionized and complexed magnesium fractions are uitra- 
filterable, The precise distribution of magnesium in the 
various plasma fractions may, as in the case of calcium, be 
altered by changes in protein concentration and pH. 
Plasma magnesium concentrations do not show any major 
changes with age or berween the sexes, apart from a small 
increment at the menopause of around 0.06 mmol/L. 
Plasma magnesium falls to premenopausal levels with oes- 
trogen replacement, in the same way that plasma calcium 
does. 


Dietary sources of magnesium and absorption 


Magnesium is widely distributed in foods. Being the min- 
eral ion of chlorophylil, green vegetables are an important 
source, Daily intakes range from 6 to 20 mmol, with a 
median of 12.5 mmol., ‘Hard’ waters contain an appreci- 
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able amount of soluble magnesium (up to 5 mmol/L. 
which may be more available than some of the intra- 
cellular magnesium in particular foods. Food processing 
may remove much of the magnesium from cereals and 
Carbohydrate foodstuffs. 

Magnesium is absorbed mainiv in the small intestine. 
There is evidence of two separate transport systems. One, 
a carrier-mediated system, is saturated at low intraluminal 
concentrations, the other is a simple diffusion mechanism 
which absorbs a constant fraction (-7%) of ingested mag- 
nesrum. Some magnesium can be absorbed from the large 
bowel, as demonstrated by the occurrence of hypermag- 
nesaemia after the use of magnesium-containing enemas. 

There is evidence of intestinal adaptation in that the 
proportion of dietary magnesium absorbed is higher (up 
to 75%) when the diet is magnesium depleted, but lower 
(down to 25%) when the load is greater, but this is not 
regulated by 1,25(OH),D. Intestinal magnesium absorp- 
tion can be inlibited by binding agents such as celluiose 
phosphate. Faecal magnesium output is normally less 
than 15 mmol/24 h, 


Renal handling of magnesium and homoeostasis 


Magnesium homocostasis is maintained by the balance 
between intestinal absorption and urinary excretion. 
When plasma levels fall the magnesium that is filtered by 
the kidney also falls, so limiting urinary losses. Of the 
filtered magnesium 90-95% is resorbed. The proximal 
tubule and the thick ascending limbs of the loop of Henle 





appear 10 be the major sites of reabsorption. The renal 
tubular resorptive mechanism exhibits adaptation, in that 
the fractional reabsorption of magnesium may increase 
in experimental magnesium deficiency, before any fall 
ocCcurs in plasma magnesium concentrations, KRenal 
magnésium excrétion increases in response to sustained 
hypermagnesaemia. 

Magnesium appears to regulate parathyroid hormone 
secretion in a manner similar to calcium, but is only a half 
co a third as portent. Parathyroid hormone secretion is thus 
stimulated by modest hypomagnesaemia and suppressed 
by hypermagnesaemia. Paradoxicallv, profound hypo- 
magnesaemia actually inhibits parathyroid hormone 
secretion. Although PTH may enhance the renal rubular 
reabsorpuion of magnesium it is probably of little impor- 
tance in the overall regulation of magnesium metabolism. 

Magnesium losses through sweat may be great. At high 
temperatures 10-15% of total magnesium output can be 
found in the sweat, Typical magnesium fluxes in an adult 
are illustrated in Figure 6.8. The magnesium content of 
breast milk is around 1.6 mmol/L and a breastfeeding 
woman will lose around 1.2 mmol/24 h. 


Hypomagnesaemia 

Causes 

Hypomagnesaemia may arise through inadequate absorp- 
tion (or intake) or by excessive urinary losses or by redis- 
tribution of magnesium from extracellular to intracellular 


Urine 
45 


Fig. 6.5 Representative fluxes (mmol/24 h) in a healthy adult (70 kg body weight) for 
magnesium. The exchanges with soft tissues are not illustratéd in this diagram. (Modified 
with permission from Wilkinson R. Absorption of calcium, phosphorus and magnésium. 
In: Nordin B E C (ed) Calcium, phosphate and magnesium metabolism. Edinburgh: 


Churchill Livingstone, 1976.) 


sites. Apart from two rare familial disorders (one charac- 
terized by a specific defect in intestinal absorption, the 
other by a specific deficit in renal tubular reabsorption), 
hypomagnesaemia is an acquired condition, The major 
causes are listed in Table 6.15. 


Consequences 


Sympioms directy attributable 10 hypomagnesaemia 
occur at plasma concentrations below 0.5 mmol/L. and in- 
clude anorexia, nausea, tremor, apathy, depression, agita- 
tion and confusion. Severely hypomagnesaemic patients 
often have coexistent hypokalaemia and a cellular potas- 
sium deficit. This arises probably because of reduced ac- 
tivity of the Mg-dependent Na', K'-ATPase system of cell 
membranes, Potassium is lost from cells into the extracel- 
lular fluid and is then lost in the urine because magnesium 
deficiency also impairs the renal conservation of potas- 
sium, If severe hypomagnesaemia is prolonged then 
hypocalcaemia may also develop, principally because of 
impaired parathvyroid hormone secretion, although mag- 
nesium deficiency may also impair renal 1&-hydroxylation 
of vitamin D. With the development of hypocalcaermmia, 
neuromuscular signs such as muscle weakness, tremor 
and twitching, a positive Chvostek sign, delirium, convul- 
sions and ultimately coma may occur. 

The effects of hypomagnesaemia on the excitability of 
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nerve, muscle and cardiac cells appear not to be direct, 
since as far as is known magnesium is not involved in the 
normal action potential, in conduction or contraction. 
The effects appear to be mediated by inhibition of the 
Na’, K'-ATPase enzyme and in practice it 1s difficult 
to distinguish direct neuromuscular and cardiac effects of 
severe hypomagnesaernia from those secondary to altera- 
tions in potassium and calcium metabolism. 

Cardiac effecrs. Hypomagnesaemia of a more modest 
degree (0.5-0.8 mmol/L) is not uncommon and whilst it 
is not associated with obvious symptoms, it 1s not neces- 
sarily benign. In patients admitted to coronary care units 
there is a striking relationship between hypomagnesaemia 
and the incidence of serious dysrhythmuas (including 
multifocal atrial tachycardia, ventricular tachycardia, 
ventricular fibrillation and torsades de pointes), Hypo- 
magnesaemia is strongly associated with hypokalaemia 
in this circumstance and hypokalaemia is another potent 
cause of dysrhythmia. The association berween low 
plasma levels of magnesium and potassium is again expli- 
cable by reduced membrane ATPase activity, a loss 
of intracellular potassium and subsequent urinary losses. 
The ratio of intra- to extracellular potassium, which 
largely determines the resting membrane electrical poten- 
tial, is reduced with a consequent increase in electrical 
excitability. Hypokalaemia can be refractory to replace- 
ment therapy whilst magnesium deficiency persists. 
Some cardiac dysrhythmias are less responsive to antidys- 
rhythmic therapy in the presence of hypomagnesaemia. In 
addition to the dysrhythmias, magnesium depletion is as- 
sociated with other ECG abnormalities, including PR and 
QT interval prolongation and T-wave flattening. Follow- 
ing acute myocardial infarction plasma magnesium levels 
fall and are at their lowest 12-24 h after admission to hos- 
pial. Drug therapy, particularly non-potasstum-sparing 
diuretics, may exacerbate this hypomagnesaemia by in- 
creasing urinary losses. 


PO | 


The plasma magnesium concentration remains the only 
widely available measure of magnesium status, Renal 
magnesium loss may be assessed by measuring the urinary 
excretion rate. Where hypomagnesaemia 1s due to imad- 
equate intake or malabsorption, urine magnesium falls 
rapidly to <0,7mmol/24 h from the normal 2-7 mmol/ 
24h. Attempts to assess intracellular magnesium more 
reliably have included the measurement of erythrocyte, 
monocyte and muscle cell concentrations, but these are 
experimental approaches not widely available. À magne- 
sium retention test which aims to quantitate the total body 
deficit has been proposed. The urine excretion of magne- 
sium is measured over 24 h following the parenteral ad- 
ministration Of 0.1 mmol/kg magnesium (in the form of 
magnesium sulphate). Normally 75-80% of the dose is 
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excreted, but less if there is magnesium deficiency (see 
Appendix 6 for method). 

The main diagnostic step must remain thinking of 
hypomagnesaemia as a potential problem and making a 
request for plasma measurement, Studies on physician- 
initiated testing compared to ‘routine’ measurement have 
shown that hypomagnesaemia is very common in hos- 
pitalized patients, it is commonly associated with hypo- 
kalaemia and that only about 10% of hypomagnesaemic 
pauents are identified by physician-initiated requests. 
This has been used as an argument for including magne- 
sium amongst the routine hospital analyses of plasma 
‘electrolytes”. 

The ingesuon of large quantities of magnesium (in the 
form of antacids or laxatives) can induce diarrhoes. In 
magnesium-related diarrhoea the faecal magnesium con- 
tent is high (> 15 mmol/24h). This measure is thus of 
diagnostic value in the diagnosis of magnesium-induced 
diarrhoea. 


Therapeutic approach 


Conditions which may benefit from magnesium repletion 
are listed in Table 6.16. The amount and rate of magne- 
sium administration depends on the cause and severity of 
the magnesium depletion and on renal and intestinal 
function. 

Symptomauc deficiency is best treated by the intra- 
venous route. Adults with good renal function should be 
gven 12 mmol magnesium (in the form of MgSO, in sa- 
line or 5% dextrose) over 2-3 h and a further 12 mmol 
infused slowly over the following 24 h. This regimen may 
need to be repeared over several days as the tissue magne- 
sium deficit takes longer to correct than the plasma level. 
If the plasma levels are raised too high then urinary mag- 
nesium losses increase. In infants replacement is given in 
a similar manner but the dosage should be reduced to 


| Hypokalacmis unresponsive 10 potassium supplemnentarion 


| From Reinhart R À 1988 Magnesium metabolism. Archives of 
Internal Medicine 148: 2415-20. 





0.2-0.3 mmol/kg. Plasma magnesium levels need to be 
monitored during and after replacement therapy. The in- 
tramuscular route may also be used for replacement but 
the injections are painful. 

Where feasible magnesium supplements may also be 
given orally (5-10 mmol/day, in divided doses). Suitable 
préparations include MgO, MgSO, and MgCO, which are 
available as antacids or purgatives. Higher doses may 
cause diarrhoea. 


Hypermagnesacmia 

The kidneys normally excrete excess magnesium very effi- 
ciently and can handle loads up to 400 mmol/24 h, so 
hypermagnesaemia as a clinical problem is restricted to 
patients with acute or chronic renal failure. In these 
subjects potential sources of excess magnesium load are 
the dialysate, the use of magnesium containing antacids 
(as phosphate binding agents), magnesium containing 
cathartics and, in acute renal failure, release of magne- 
sium from tissues. 

Hypermagnesaemia in patients with renal impairment 
can also occur with the use of citrate-gluconic acid solu- 
uons in urological practice. These solutions, which con- 
tain substantial quantities of magnesium salts, are used 
either for bladder irrigation or are infused into the renal 
pelvis through a nephrostomy tube for the dissolution of 
renal stones. 

Hypermagnesaemia in the order of 1.5-2.5 mmol/L. 
may be associated with hypotension but 1s commonly 
asymptomatic. In the range 2.5-5,0 mmol/L areflexia 
may be present and ECG changes occur (prolonged PR 
and QRS interval, peaked T waves). At higher levels 
respiratory paralysis and cardiac arrest ensue, Ât these 
very high plasma concentrations magnesium has direct 
effects on neuromuscular cells by inhibiting acetylcholine 
release and causing peripheral blockade, Pharmacologi- 
cally, use is made of this in the management of seizures 
associated with eclampsia of pregnancy, where an effective 
remedy is the parenteral administration of magnesium 
suiphate to maintain plasma concentrations in the range 
of 3-4 mmol/L. 

The treatment of hypermagnesaemia consists initially 
of cessation of magnesium administration. In an emer- 
gency intravenous calcium gluconate (10 mL,, 10% solu- 
tion; 2.2 mmol calcium) will reverse the effects of 
hypermagnesaemia. Dialysis is also effective, 


SUMMARY 


The physiology and pathology of calcium, phosphate and 
magnesium are closely related, The principal hormones 
controlling calcium and phosphate homoecostasis are 1,25- 
dihydroxvvitamin D and parathyroïid hormone. The great 
majority of calcium and phosphate are present in the skel- 


éton, as is over half the magnesium, but all three ions have 
many other viral functions. 

Pathologically, increased and decreased concentrations 
of calcium, phosphate and magnesium can occur and all 
can have serious consequences. For each disorder, a rela- 
tively small number of conditions account for the majonty 
of presentations: {or hypercalcaermia, primary hyper- 
parathyroidism and malignancy; for hypocalcaemia, lack 
or impaired metabolism of vitamin D; for hyperphospha- 
taemia, renal failure; and for severe hypophosphataemia, 
recovery from diabetic ketoacidosis, intravenous feeding 
and withdrawal from alcohol, Hypermagnesaemia is usu- 
aily due to renal failure; hypomagnesaemia is probably 
common, but often undiagnosed because the possibility of 
its occurrence 15 not considered, 
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APPENDIX 1: STRONTIUM ABSORPTION TEST 


The intestinal absorption of stable strontium has been 
shown to bc an adequate predictor of radio-calcium ab- 
sorption.!* Its advantages are freedom from radioactivity, 
low cost and independence from the constraints of using 
short half-life radioisotopes,. 

The study is performed after an overnight fast, The 
subject takes 2.5 mmol of strontium chloride in 200 mL 
sulled water, followed by a light, low-calcium breakfast 
(e.g. stewed fruit). Serum strontium is measured 4 hours 
later, by atomic absorption spectrometry. The result is 
expressed as the fracuon of the administered dose in the 
extracellular fluid: 


— 100([Sr] x 0.15 x body weight) 


2.3 


where [Sr] is the measured serum strontium concentra- 

tion. The reference range is 618%, 

1. ReadiR, Pvbus ], Lim T M T, Hanvon S, Ebertson Hi K. The 
assesament Of intestinal calcium absorption usmg stable stroncuni. 
Calcitied Tissue Intemational 1986; 38: 3035, 

2. Milsom 5, Ibbertson H K, Hannon S, Shaw D, Pybus [ Simple test 


of intestinal calcium absorption measured by srable strontiur, 
Bnüsh Medical Journal] 1987: 205: 231-4. 


APPENDIHX 2: CALCIUM ABSORPTION TEST 


This test was orignally described by Broadus et al! for 
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use in the investigation of hypercalciuria, but it can also 
be used to estimate intestinal calcium absorption in other 
contexts, The patients takes a 10 mmol (400 mg}/24h 
calcium diet for 1 week and is studied after an overmight 
fast (distilled water only). À water intake of 250 mL/h 15 
maintained from 1 hour before the test until its comple- 
on. The test consists of three consécutive 2h urne 
collections for measurement of calcium and creannine 
with a plasma calcium and creatinine measurement at the 
midpoint of the first and third of these collections, At the 
beginning of the second urine collecnon à 1 g (25 mmol) 
oral calcium load is taken. 


Interpretation 


Normal values: rise in urine calcium output = (.1$- 
0,73 mmol/2 h 
rise in plasma calcium = 0.07- 
0.30 mmol/L, 

1, Broadus À E. Dominguez M, Barnier F C, Pathonhvsiological 
studies in idiopathic hypercalciuria: use ©f an orsi calcium tolerance 
test to churactérire distinctive hypercalciunc subgroups. Journal of 
Clinical Endocrinology and Metabolison 1978; 47: 75-60. 


APPENDIX 3: ANALYSIS OF TUBULAR 
HANDLING OF CALCIUM 


The normal relationship benween urine calcium excretion 
per litre of glomerular filtrate (Ca) and plasma calcium 
has been established from calcium infusion experments 
in normal subjects. The renal tubular handling of calcrum 
can be assessed by reference to thus normal relationship. 
Ca is estimated from: 
Urine calcium x plasma creatinine 
urine créatinine 


obtained from the second void sample after nsing in the 
morning, whilst sul fasting. All these concentrations are 
expressed as mmoVL. The umits of Ca, are mmollL. 
glomerular filtrate. 


Interpretation 


Hypercalcaemic patients falling to the right of the normal 
range are excreting less calcium than expected for their 
prevailing plasma calcium level. Provided that this is 
documented at a time when the patient is not volume 
depletéd, it can then be inferred that abnormally high 
renal tubular calcium reabsorption is contributing to the 
patient’s hypercalcaemia. Typically this is seen in primary 
hyperparathyroidism, familial hypocalciuric hypercalcae- 
mia and malignant hypercalcaemia due to PTHrP, Similar 
considerations apply in the investigation of hypocalcae- 
mia, Patients in whom Ca. falls to the left of the normal 
range are excreting more calcium than would be predicted 
from the low plasma calcium concentration and ir can be 
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Fig. 6.9 Reproduced with permission from Nordin B E C. Diagnostic 
procedures. In: Nordin B E C (ed) Calcium, phosphate and 
magnesium metabolism. Edinburgh: Churchall Livingstone, 1976. 


inferred that abnormally low renal tubular calcium reab- 
sorption is contributory to the hypocalcaemia (typically 
seen in hypoparathyroidism) (Fig. 6.9). 


APPENDIX 4: CLASSIFICATION OF 
PSEUDOHYPOPARATHYROIDISM 


This protocol is that described by Mallette et al! and is 
a modification of the Ellsworth-Howard and Chase- 
Aurbach tests. Ir measures the response of urine cAMP 
and TmP/GFR to an injection of synthetic human PTH 
(1-34), 

The test is performed in a fasting patient with a fluid 
intake of 400 mL/h being maintained for 2 h before the 
test until its conclusion. Six consecutive 30 min urine 
collections are made, with blood samples taken at the 
midpoints of these, At the beginning of the fourth period 
PTH 1-34, 3 units/kg (maximum dose 200 units) is in- 
fused intravenously over 10 min (see Fig. 6.10). 
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Fig. 6.10 Test protocol for the classification of 


Analvsis 

urine spécimens — CAMP, creatinine, phosphate 
concentrations 

blood spécimens — plasma creatinine, phosphate 
concentrations 


CAMP excretion expressed as nmol/L GF 




















urine CAMP (nmol/L x plasma creatinine (mmol/L) | 
urine creatinine(mmol/L) L : 
Phosphate excretion expressed as TmP/GFR (mmol/L 
GE - see Appendix 5). 


Interpretation 


Normal response: 10-12-foid increase in cAMP excretion, 
fall in TmP/GFR of 20% 
Pseudohypoparathyroidism: Type 1 < 5-fold increase in 
cAMP 
Type I normal increase in 
cAMP 
Both types < 10% fall in 
1. Mallerre LE, Kirkland J L, Gagel R FE, Law W M, Heath H. 
Synthetic human paratiryvroid hormone (1-34) for the soudy of 
pseudohypoparathyroidism. Journal of Clinical Endocrinology and 
Metaboïism 1988; 67: 964-72. 


APPENDIX 5: ESTIMATION OF TmP/GFR 


À fasting, second voided urine sample is obtained in the 
morning. The convention is that this should be a 2-h col- 
lection, but the timing is in fact immaterial since time 
does not enter into the calculation, À plasma sample is 
obtained at the same time. 

Measurements: plasma phosphate and creatinine; urine 
phosphate and creatinine (all expressed in the same units). 
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Fig. 6.11 Reproduced with permission from Wairon R ], 
Buvoer O L M. Lancer 1975; 2: 309-J0, 


The ratio of the clearance of phosphate (Css) 10 
the clearance of creaninine (Ce) 18 Calculated: 


— UNE pspnue X PASMA nine 

plasma X OPINE 

The tubular reabsorption of phosphate (TRP) = 1 - 
(shosphet C'asaininé) » 

TmP/GER 15 read from the nomogram which relates 
the prevailing plasma phosphate concentrauon [PO,] to 
TRP (Fig. 6.11). 


Cosnau él 
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À straight line through the appropriate values of plasma 
phosphate and TRP (or Cane Ciraiene) P455€s through 
the corresponding value of TmP/GFR. It should be noted 
that TmP/GEFR and plasma phosphate concentrations are 
expressed in the same units. Two scales have been given: 
the 0.0-2.0 scale is suitable for estimating values of 
TmP/GFR close to the normal range expressed in SI units 
(OG.80-1.35 mmol/L GP) and the Q.0-5.0 scale for values 
close to the normal range expressed in mass units (2,5- 
4,2 mg/100 mL GF). 


APPENDIX 6: MAGNESIUM TOLERANCE TESTING 


Suggested schema for clinical use of magnesium tolerance test in DOrMOMAGNESRCMC patients 


1. Collect baseline urine {spot or timed} for magnesium/creatinine molar ratio 

2. Intuse 6.1 mmol MgSO kg lan body weight in 50 mL dextrose saline over 4 h 
: Collect urine for 24 h éstarting with infusion) for measurement of excretion of magnesium and creatinine {Cr) (both in mmol) 
4, Calculate % Mg retained using following formula: 





Posunfusion urine Mg — (preinfusion urine Mg/Cr x postinfusion urine Cr)! 
total elemental Mg infused } 


5. Cntenia for Mg deficiency: > 30% rétention at24h 


x 100 





Mg retained = | 1 - 


en —— 





From Rvzen E et al. Magnesium 1985; 4: 137- 47. With permission of the publishers Karger, Basel. 
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ANATOMY 
Gross anatomy 


The kidnevs are located against tie posrernor abdominal 
wall on either side of the venebral coluran. They are re- 
lated posteriorly to the diaphragm and various muscles: 
their antenor surfaces are covered by panetal peritoneum. 
The left kidney 15 related antenorlv to the stomach, pan- 
creas, spleen and descending colon and the right to the 
liver, second part of the duodenum and the ascending 
colon. Their superior poles are covered by the suprarenal 
(adrenal) glands. In the adult, the kidneys are about 
13 cm long, 6 cm wide and 4 cm tluick. They weigh ap- 
proximately 150 g éach vet together receive some 25%% of 
the resting cardiac output. This blood ts supplied by the 
renal artertes which are branches of the aorta. Venous 
drainage 1s into the renal veins, which drain into the infe- 
nor vena cava, Lhe kidnevys are mnervated by sympathetic 
nerves arising from the svmpathetic chains and by 
parasympathetic hbres arising from the vagus nerve, 

Each kidney is covered by a pooriy distensible capsule, 
This limits the swelling that can occur during acute in- 
flammation and in such circumstances there is an increase 
in tissue pressure which tends to décrease the glomerular 
filtration rate. 

Congenital absence of one kidney occurs in approx 
matcly one in 2400 births; this is only of sigrificance if 
renal surgery is contemplated for any reason, The normal 
kidney becomes hvypertrophic. Another common f{ap- 
proximalely one in 400) congenital anomals is the single 
‘horseshoe’ kidney, in which the lower poles of the poten- 
ual two kidneys are conomed; renal function 1s normal 


ction and renal 


but occasionally ureteric obstruction may predispose 10 
calculus formation and infection. 


Microstructure 


Each kidney contains approximatels one million fanc- 
tional units, called nephrens, These are tubular struc- 
tures, consisting of various histologicallv and functionally 
hstinct elements. Each nephron has a single glomerulus, 
responsible for the ultrafiltration of the blood, which is 
located in the couter part of the kidney (the cortex}, The 
remainder of the nephron consists of several contiguous 
tubular structures which progressively modify the compo- 
sition of the ultrafiltrate such that it is transformed into 
urine. Fhese structures (Fig. 7.1) are: 


® the proximal convoluted tubule, also located in the 
COFTCX; 

e the loop of Henle, which has the configuration of a 
hairpin and extends into the deeper part of the kidney 
(the medulia), then doubles back on itself to return to 
the cortex; 

e the distal convoluted tubule, located in the cortex; and 

e the collecting duct, which extends down through the 
medulla to the renal papillae, whence the urine drains 
into the renal pelnis. The renal pelvices are drained by 
the ureters and the night and left ureters themselves 
drain into the urinary bladder, where urine 15 storcd 
prior to voiding. 


The glomertlus 


Each glomerulus consists of à tuft of capillarnies which 
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Fig. 7.1 


protrudes into the dilated, blind end of the nephron 
(Bowman's capsule) (Fig. 7.2). The nephron is composed 
of epithelial cells and these and the endothelial cells of the 
capillaries are separated by a basement membrane, This 
visceral basement membrane is continuous with a parietal 
basement membrane associated with the epithelial cells 
forming the outer part of Bowman's capsule, which are 
continuous with the epithelium of the proximal convo- 
luted tubule, The microstructure of the glomerulus is 
described in detail in Chapter 8. 

The glomerular Giltrate is formed by the passage of fluid 
from the capillaries through fenestrations in the endo- 
thelial cells and through the basement membrane. This is 
covered on its epithelial aspect by the interdigitating foot 
processes of the epithelial cells, or podocytes, and the 
ultrafiltrate passes across a thin membrane {the epithelial 
sit diaphragm) into the filtration slits berween the foot 
processes and thence into Bowman's space, which is con- 
ünuous with the lumen of the nephron. Às discussed in 
Chapter 8, the selective retennion of different constituents 
of the blood occurs at different stages. The endothelial 
fenestrations are t60 small to permit significant passage of 
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Ehagram of s nephron showing the structure of typucal tubular cells. 


erythrocytes, leucocytes or platelets; the major barrier to 
the filtration of proteins is mechanical and provided by the 
inner layer of the basement membrane, but the aniomie 
surface laver sclectively retards amonic proteins, Finally, 
the foot processes and shit diaphragms also act as a me- 
chanical barrier. The relative rate of progression of the 
constituents of the plasma into Bowman's space therefore 
depends on molecular mass, shape and charge, Ir is esti- 
mated chat the total endothehal surface area involved in 
filtration in the adult is approximatels 0.8 m°. 

Glomeruli also contain mesangiai cells. These stellare 
cells are contractile, are involved in the regulation of 
glomerular filtration and are phagocytic. Basement mem- 
brane does not extend between the mesangial cells and 
endothelial cells. This facilitates their ability to phago- 
cytose large particles from the plasma. Their ability to 
ingest immune complexes plays an important part in the 
pathogenesis of certain forms of glomerular disease. 


The proximal convoluted tubule 


This structure is some 15 mm long and is composed of a 





Basement membrane 
of Bowman's 
capsule 
Endothehal 
cel 

of gtomerular 
Mesangial - 
cell 


Penpolar 


Macula densa 


KIDNEYS, RENAL FUNCTION AND RENAL FAILURE 119 


 Proximal 
convoluted 
tubule 





Fig. 7.2 Diagram of a glomerulus with detailed enlargemment to show the cellular relationships. 


single layer of interdigitating épithelial cells united at their 
apices by tight junctuons. The Jluminal surfaces of these 
cells have microvillous brush borders which provide the 
large surface area required for the absorptive function of 
the proximal tubule. The convoluted tubule drains into a 
short straight segment directed towards the outer medulla 
and continuous with the descending limb of the loop of 
Henle. 


The loop of Henle 


The descending limb of the loop of Henle (Fig. 7.1) is 
composed of flat epithelial cells. The majority of the 
loops, whose glomeruli lie in the outer part of the cortex, 
are relatively short but those with more deeply situated 
glomeruli are longer (up to 14 mm) and extend down 
into the medullary pyramids. In man, some 15% of the 
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nephrons have long loops but in animals whuch live in 
deserts, the proportion of longer loops is much higher. 

The thin descending limb turns back on itself, ascend- 
ing towards the medulla, and the epithelial cells become 
cuboid, rich in mitochondria and have a invaginated lurmi- 
nal surface, The thick ascending limb extends towards the 
glomerulus of the same nephron, passing close to the 
afferent and efferent arterioles. The tubular epithelial 
cells in this area have a special function in relation to the 
contrel of renin secretion and are known as the macula 
densa. Renin is actually secretéd by myoepitheloid juxta- 
glomerular cells in the walls of the afferent arterioles. 
These cells, together wirh those of the maculs densa and 
some other nearby cells (lacis cells), constitute the juxta- 
glomerular apparatus. 


The distal convoluted tulle and collecting duct 


The distal convoluted tubule 15 sbout 5 mm long and 
is also made up of typical absorptive epithelial cells, 
although without a brush border, The distal convoluted 
tubule also contains imtercalated (D) cells, responsible for 
the secretion of acid. The collecting ducts are composed 
of principal (Pi cells and I cells, The ducts descend from 
the cortex down through the meduila, opening to the 
renal pelvis from the renal papillae. The P cells become 
nermeable to water under the influence of vasopressin. 


Other specialized celis 


In addition to the cells of the nephron, blood vessels, 
ete, the lidney contains medullary intérstirial cells. These 
characteristucally contain Hipid droplets and secrete 
prostaglandins. 


Blood uessels 


Blood leaving glomerular capiilary rufts passes nor into 
venules but into cfferent arterioles. Those draiuing corti- 
cal glomeruli divide into a capillary plexus that cnmeshes 
the renal tubules Those dramimg juxtamedullary glo- 
merukh form the vasa recta, bundles of vessels which 
plunge into the medulla to varsing depths, forming capil- 
lary plexuses which invest thé loops of Henle and then 
rejoin to form the ascending vasa récta, which eventualls 
drain into the renal veins. The vasa recta form a counter- 
current exchange system (see below) which 15 essential to 
the formation of both a concentrared and a dilute (with 
respect to plasma) urine. 


RENAL FUNCTION 


The pnrnoipal funcuons of the kidnevs are to elaborate 
the urine, in order to excrete water-soluble (principaliv 
nitrogenous) waste products and toxins from the bodv, 
and to control the volume and composition of the extra- 


cellular fluid. The kidneys also have important endocrine 
functions. Ît is perhaps surprising that the kidneys pro- 
duce some 170 L of glomerular filtrate per 24h, but only 
1-2 L of urine. The bulk of the solvent and solute filtered 
is rcabsorhed, but the control of the processes responsible 
gives considerable scope far the composition and volume 
of the urine to 6e adjusted ro meet the physiological needs 
of the individual. 

The physiology of the kidneys 1s well described in many 
standard physiology textbooks and will not be recounted 
in detail in this Chapter, Rather, à brief summary is given 
and certain features wiuch are pertinent to an understand- 
ing of the investigation of renal function and the mecha- 
nisms and consequences of renal failure are emphasized. 


Renal blood flow and its control 


At rest, 20-25%% of the cardiac output — that is, L.1-1.3 L/ 
min — flows through the kidnevs. However, renal oxygen 
consumption is not commensurate with this, at rest being 
only approximately 6-8% of chat of the body as a whole. 
The bulk of this blood perfuses the cortex: mdeed, the 
flow rate to thé medulla 15 actually less than to most other 
tissues, 

The process of glomerular filtration is essential to renal 
function and in turn is dependent on an adequate renal 
perfusion pressure. Autorcgulatory mechanisms allow 
maintenance of renal blood flow and glomerular filtration 
rate within narrow limits in the face of a wide variety of 
external variables, including arterial pressure, venous 
pressure, ureteric hydrostatic pressure and plasma oncotic 
pressure, Renal blood flow and glomerular filtration rate 
are independent of mean arterial blood pressure over the 
range 80-200 mmHg. This is achieved by intrinsic and 
humorally and neuronally mediated alterations in the tone 
of the renal blood vessels and in particular of the cfferent 
glomerular arterioles. 

Renai hypoperfuson sumulates the release of renin 
from juxtaglomerular cells; thus enzyme converts circulat- 
ing angiotensmogen to angotensin À which is in tumm con- 
verted by angiotensin-converting enzyme 10 angiotensin 
IT, a powerful vasoconstrictor, This contributes to the 
maintenance of systemuc blood pressure and in the kidney, 
by causing efferent arteriolar vasoconetriction, helps to 
maintain the intraglomerular pressure despite the reduc- 
tion in perfusion pressure. Vanous other mechanisms are 
involved in the maintenance of systemic blood pressure 
but in the poorly perfused kidney, release of prosta- 
slandins causes vasodilaration and, at least in mild hypo- 
tension, even helps to maintain renal blood flow, A 
perfusion pressure of at least 50-60 mmHg is required no 
overcome the combined hydrostatie and oncotic pressures 
which oppose filtration and if mean arterial pressure 
falls below 80 mmHg, renal blood flow and glomerular 
filtration rate décline rapidis. 


Glomerular function 


Glomerular filtration is fundamental to the production of 
urine and to the homoeostatic functions of the kidney. 
Techniques for measuring the glomerular filtration rate 
(GFR}), the amount of filtrate formed per unit time, are 
described in a later section (p. 125). 

GFR is determined by the balance of pressures across 
the filtration barrier in the glomerulus and the physical 
nature and extent of the barnier itself. The forces include 
the difference between afferent and efferent glomerular 
arteriolar pressures (promoting filtration) opposed by the 
difference in osmotic pressures between the ultrafiltrate 
and the plasma, and the hydrostatic pressure in Bowman’s 
space. For each nephron: 


GFR = K, [Pac _ P,) | Mc _. Fy)} 


where K, is the glomerular ultrafiltration coefficient — the 
product of its permeability and surface area — P,.. and P, 
are the hydrostatic pressures and F1... and [1 the osmotic 
pressures, in the glomerular capillaries and tubules re- 
spectively. The net filtration pressure is normally approxi- 
mately 15 mmHg at the afferent end of the glomerular 
capillaries, falling to zero at the efferent ends. The de- 
crease in blood pressure along the length of the capillanes 
is small and the fall in filtration pressure is due primarily 
to the increase in plasma osmotic pressure due to proteins 
as fluid leaves the capillaries and proteins become more 
concentrated. Factors influencing the GFR are summa- 
rized in Table 7.1. 

À decrease in the area available for filtration can occur 
in many renal diseases in which there is glomerular dam- 
age. It can also result from contraction of mesangial cells 
mediated by agents such as angiotensin Il, vasopressin, 
noradrenaline, thromboxane À, and prostaglandin F,; 
dopamine, atrial natriuretic peptide and prostaglandin E, 
have opposite effects. À reduction in filtration area may be 
an important physiological mechanism for reducing GFR 
and thus conserving fluid, 


Tubular function 
The proximal convoluted tubule 
The proximal tubules are responsible for the active reab- 


| Renal bloud Bow 
Glomerular capillary hydrosratic pressure 
systemic blood pressure 
afferent/cfferent arteriolar vasoconstriction 


| Hydrostatie pressure in Bowman's space 
|. Lretenc obstruction 


Glomerular vltratittrstion coefficient 
glomerular permealbriliry 
<Hammoer < of plomerult 





KIDNEYS, RENAL FUNCTION AND RENAL FAILURE 121 


sorption of the bulk of filtered solute, accompanied by an 
iso-osmotic amount of water. Thus virtually ail the filtered 
glucose, amino acids, bicarbonate and potassium are ab- 
sorbed here, together with some two thirds of the filtered 
sodium. Absorption of solute is an acrive, energy-requir- 
ing process and is isotonic, so that an equivalent amount 
of water is also absorbed and the fluid entering the 
descending limb of the loop of Henle is isoronic with 
plasma, 

Transport occurs by way of ion channels, exchangers, 
cotransporters and pumps; filtered proteins are taken up 
into tubular cells by endocytosis and broken down into 
their constituent amino acids. Transport mechanisms 
have finite capacities and these may be exceeded in some 
circumstances. For example, glucose begins to be ex- 
creted in the urine if the plasma concentration exceeds 
about 10 mmol/L. Isolated or generalized disorders of 
renal tubular function result in abnormal excrenion of 
solutes normally reabsorbed in the proximal tubule even 
at normal plasma concentrations, as discussed further in 
Chapter 9. 

The sodium content of the extracellular fluid is the pri- 
mary determinant of the extracellular fluid volume, the 
maintenance of which is critical to life, Given that about 
26 000 mmol of sodium are filtered at the glomeruli each 
24 h (equivalent to some 8-9 times the total body sodium) 
it is clearly essential that most of the filtered sodium is 
reabsorbed. Indeed, the bulk of sodium reabsorption 
is obligatory, However, an increase in GFR (which po- 
tentially could lead to a massive increase in sodium 
excretion) results in increased proximal tubular sodium 
absorpuion and vice versa, This process, termed glomer- 
ulotubular balance, is thought to be mediated largely 
through changes in the oncotic pressure in the peritubular 
capillaries. This increases when the glomerular filtration 
rate increases, owing to the increase in the volume of 
water removed from the plasma. The reabsorption of 
several other solutes is affected similarly, Normal kidneys 
are capable of excreting between virtually zero and more 
than 400 mmol of sodium per 24h. The fine control of 
sodium excretion is achieved in the distal convoluted 
tubule, where sodium reabsorption is stimulated by 
aldosterone. 

Filtered bicarbonate is normally completely absorbed 
in the proximal convoluted tubule, although indirectly, 
Hydrogen ions are generated in the tubular cells and are 
secreted into the tubular lumen (mainly in exchange 
for sodium) where they combine with the filtered bicarbo- 
nate ions. Bicarbonate ions are formed pari paseu with 
hydrogen ions and are cotransported with sodium across 
the basolateral membranes of the tubular cells into the 
interstitial space (see Ch. 5). 

Some substances are secreted into the urine from the 
proximal tubule. Examples include penicillins, creatinine, 
certain steroids and their glucuronides and derivatives of 
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hippuric acid, eg. p-aminohippuric acid (PAH). This 
property of PAH allows the use of measurements of PAH 
clearance to measure renal plasma flow. 


The loop of Henie 


This structure provides the countercurrent multiplier that 
generates the medullary hypertomcity that is essential for 
the regulation of water excretion and the production of a 
concentrated urine, 

Essentially, the process involves the active transport of 
solute (principally chloride and sodium ions) out of the 
thick ascending limb of the loop of Henle. This solute 1s 
not accompanied by water, Às a result, the fluid withun the 
lumen becomes hypotonic and the interstitial fluid sur- 
rounding the loop becomes hypertonic. Since water can 
diffuse out of the thin descending limb, the net effect ts 
that the fluid within the loop of Henle and the surround- 
ing interstitial fluid become progressively hypertonic from 
the corticomeduilary junction down into the medulla. 
Furthermore, the fluid leaving the ascending limb and 
entering the distal convoluted tubule is hypotonic with 
respect 10 plasma. 

The anatomical disposition of the vasa recta allows 
them to act as à countercurrent exchanger, maintaining 
{though not actively contributing to) the osmotic gradient. 
If these vessels did not follow the course of the nephron, 
the multipiving effect of the water-free transfer of solute 
out of the thick ascending limb of the loop of Henle would 
be nulhfhed by a continuous ‘washing-our effect. 

The flows of water and solutes in the nephron are sum- 





marised in Figure 7.3. Whercas 60-70% of the filrered 
load of solute and water have been reabsorbed from the 
glomerular filrrate at the beginning of the loop of Henle, a 
further 15% of water is removed during passage through 
this structure so that only 10-20%% of filtered water and 
somewhat less solute reaches the distal convoluted tubule. 

Tubuloglomerular feedback There is a reciprocal 
relationship between the rate of flow of fluid through the 
ascending limb of the loop of Henle and the first part of 
the distal convoluted tubule of individual nephrons and 
the rate of glomerular filtration through the same neph- 
ron., Thus a decrease in flow rate increases filtration and 
vice versa. This process tends to result in a constant load 
af solute being presented to the discal convoluted rubule. 
This feedback is mediated through constriction and dila- 
tation of the afférent arteriole by factors such as renal 
prostaglandins, adenosine and the renin-angiotensin 
system, in response to changes in chloride absorpuon in 
thé macula densa. 

This tubuloglomerular feedback mechanism becomes 
môré sensitive when extracellular fluid volume is decreased 
and vice versa, 

Tubuloglomerular feedback should not be confuscd 
with glomerulotubular balance, the change in proximal 
tubular sodium reabsorption in response to change in 
glomerular filuration rate that has been discussed above 
and in Chapter 4, 

The role of urea Urea has an essential role in the 
generation of medullary khypertomcity. Thé thin ascending 
mb of the loop of Henle is somewhat permeable to urea 
{and sodram) but not to water. Movement of urea down 
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its concentration gradient into the interstuitium contributes 
sigmfcantiy to medullary hvpertonicity; the inner medul- 
lary portion of the collecting duct (see below) 1s also per- 
meable to urea. The poor concentranng ability of the 
kidneys in the newborn is due to the decreased availability 
of urea to maintain medullary hypertomicity. In adults, 
renal concentrating power 1s dependent on an adequate 
protein intake and 15 lower on a low protein diet. 


The distal convalured tubule 


This part of the nephron is responsible for the ‘fine 
tuning’ of urinary composition, Aldosteroné stimulatés 
sodium reabsorption and this generates an electro- 
chemical gradient which engenders the secretion (and 
thus excretion) of potassium and hydrogen ions. Normal 
distal tubular function is éssential to the maintenance of 
hydrogen ion homoeostasis, 


The collecting duct 


These structures extend from the ends of the distal conve- 
luted tubules to the renal papillae; their main function is 
to permit the reabsorption of solute-free water and thus 
regulate the osmolalty of the urine. This is acheved 
through the action of vasopressin. The cells of che collect- 
ing ducts are normally fairly impermeable 10 water, Under 
the influence of vasopressin, they become permeable so 
that water can move out of the hypotonic fluid in the tu- 
bular lumen into the hypertonic interstitium, so produc- 
ing à concentrated urine. In the absence of vasopressin, 
no water 1s removed and the urine 15 hypotonic. 

The extremes of acluievable urine osmolahity are 
berween about 30 mmol/kg and 1400 mmol/kg. When 
maximally dilute, as much as 13% of the filrered water is 
excreted and the rate of uriné production 15 about 16 mL/ 
min; when maximally concentrated, less than 0,5% of 
fltered water is excreted and urine production 1s as little 
as 500 ml/24 h. 

Some solute is also absorbed in the collecting ducts. In 
the cortical portion, sodium reabsorption takes place in 
exchange for potassium and hydrogen ion, as in the distal 
convoluted tubules; the medullary segment is partially 
permeable 10 urea, which moves passively out into the 
interstitium and helps to maintain the high osmolality of 
the meduila. 

Diuresis While the maximal urine flow rate when a 
water load is being excreted is approximately 16 ml/min 
(assuming an average soluté load), higher rates are attain- 
able if there are increased quantities of non-reahsorbed 
solutes in the tubules. This osmotic diuresis ts due to the 
direct osmonic effect of the solutes and to a secondary 
effect on sodium reabsorption. The retention of water 
in the lumen of the proximal tubules increases the con- 
centrauon gradient against which sodium must be re- 
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absorbed; the same factor limits sodium reabsorption in 
the thick ascending part of the loop of Henle, thus inter- 
fening with the generation of medullary hypertonicity. 
This is the explanation for the diuresis characteristüic of 
hyperglycaemia, Mannitol, a sugar alcohol which is fil- 
tered at the glomerulus but not reabsorbed by the tubules, 
is sométimes used therapeutically as an osmotic diuretic. 


RENAL DISEASE AND ITS PRESENTATION 
Introduction 

There are many specific renal diseases: these may present 
with clinical features clearly referable ro the kidnevs (for 
example, a decrease or increase in urine output) but 
frequentiy have svstermic manifestations (for example, the 
‘uraermuc syndrome’ (sce p. 136) and hypertension), The 
kidneys can also be involved in multisvstem disease, for 
example, diabetes mellitus, the connective tissue disorders 
and amyloidosis, 


Manifestations of renal disease 


There are relatively few cardinal manifestations of renal 
disease and none is specific to any one underlving dis- 
order. They include anuria, oliguria and polyuria, respec- 
tively a complete absence, decreased production and 
excessive production of urine, Polyuria may only come to 
noce by virtue of causing excessive production of urine 
at night (nocturia). These are usually symptoms of dis- 
ordered renal function, although anuria and oliguria can 
be due to obstruction of the urinary tract and polyuria can 
be due to extrarenal disease which impairs the ability of 
the kidneys to concentrate the urine. Urinary frequency - 
the passing of urine morc frequently than normal, but in 
normal total 24 h volumes - must be distinguished from 
polvuria; it is often due to irritation of the urinary tract, 
for example by infection, but can also be due to prostatic 
enlargement. Irritation ©f the urinary tract is frequentliy 
accompanied by dysuria — pain on micturition, Patients 
with renal disease may experience loin pain or have ten- 
derness in the loin; renal or ureteric colic, an intermittent 
pain of considerable severity, is charactenstic of the pas- 
sage of urinary calcul. Renal enlargement or the presence 
of à renal mass may be revealed by physical examination. 

Patients with renal disease may present with systemic 
abnormalities, including hypertension, pyrexia, oedema 
and the ‘uraemic syndrome’. This lattér term is used to 
describe the protean manifestations of renal failure. The 
urine may appear abnormal in renal disease; the causes 
are discussed in a later section (p. 124). 

Finally, renal disease may be revealed for the first time 
by the finding of a biochemucal abnormality, particularly 
an clevated plasma creatinine or ureéa concentration, or 
positive dip-stick tests for protein or haemoglobin. 
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Diseases affecting the kidneys 


Although patients with renal disease frequently present 
with an obvious functional abnormality, for example, 
renal failure or proteinuria, these are not specific to any 
one renal disease, 

À full discussion of the nature of individual renal 
diseases is beyond the scope of this chapter. Many renal 
diseases specifically affect one part of the kidney. Thus 
there are a range of conditions exclusively or primarily 
affecting the glomeruli. Glomerulonephritis, which is 
often of immunological origin, can manifest by decreases 
in the glomerular filtration rate (which may lead to renal 
failure) or changes in glomerular permeability (for exam- 
ple, causing proteinuria). Glomerulonephritis may be of 
primary renal origin or occur secondarily to an extrarenal 
disorder. 

À considerable number of conditions, both inherited 
and acquired, limited to the kidneys and having extrarenal 
manifestations, can cause disorders of renal tubular func- 
uon. They are discussed in detail in Chapter 9, 

The kidneys can be affected by infection, tumours 
and infiltrative and degenerative disorders. Generalized 
disorders, particularly shock, hypertension, connective 
ussue diseases and diabetes, are also frequent causes of 
renal dysfunction. The kidneys are also susceptible to the 
effects of toxins, including many widely used drugs (for 
example, the aminoglycoside antibiotics and some cyto- 
toxic drugs) as well as industrial and other toxins, and 
exposure to such agents is another frequent cause of renal 
dysfunction. 

The major part of this chapter is devoted to a discus- 
sion of generalized renal failure, both acute and chronic. 
These are potentially hfe-threatening conditions and the 
chnical biochemistry laboratory plays a major part in their 
diagnosis and management. 


THE ASSESSMENT OF RENAL FUNCTION 
Introduction 


Many techniques are of value in the investigation of the 
kidneys and renal function. The major groupings of 
techniques are laboratory tests, imaging and the histo- 
logical examination of renal tissue obtained usually by 
percutaneous biopsy. 

Imaging techniques -— standard radiography, ultra- 
sonography, computerized tomography, magnetic reso- 
nance imaging and the use of radionuclides — can provide 
valuable anatomical information. Such techniques can be 
used to diagnose, for example, structural abnormalities, 
tumours, hydronephrosis, polycystic disease, etc. Radio- 
nuclide techniques can also provide information concern- 
ing renal function, particularly renal blood flow and 
glomerular function. 

However, given the pivotal role of the kidneys in body 


fluid homoeostasis, it is not surprising that biochemical 
tests which indicate deérangements of homoeostasis are the 
most widely used tests of renal function. The remainder of 
this section covers such tests. 


Biochemical tests of renal function 

Urinalysis 

The assessment of renal function should start with exarni- 
nation of the urine, Simple observations on the urine still 
contribute to the investigation of patients with suspected 
renal disease, To be valid, they must be made on a freshly 
passed sample. 

Appearance The normal colour of the urine is due 
to urochrome pigments and the deepness of the coloura- 
tion, which can vary from a pale straw colour to deep 
amber, depends on urinary concentration. There are 
many causes of abnormal colouration of the urine, some 
of the more frequently encountered of which are indicated 
in Table 7.2, In same cases, the colour is pH-dependent. 
The distinction between haemoglobin or myoglobin and 
other causes of a reddish-brown urine can simply be ac- 
complished by tesung the urine with a suitable reagent 
stick. 

Turbidity in a fresh sample suggests infection, but can 
also be due to the presence of fat in patients with the 
néphrotic syndrome. The presence of chyle in the urine 
may cause turbidity so severe that the urine appears milky. 
Anything more than a scant amount of foaming when the 
urine is shaken suggests proteinuria. The most frequent 
abnormal odour is that of ammonia, due to the presence 
of urea-splitting microbes, either because the patient has 
a urinary infection or, in stale samples, because of 
contamination. 

Specific gravity and osmolality Both these give an 
indication of the concentration of the urine. When this 
needs to be known accurately, for example in tests of renal 
concentrating ability, accurate measurements of osmo- 
lality are essential. À reagent stick assessment of specific 
gravity may sometimes help in the interpretation of a 
screening test for proteinuria, since false negative results 
can occur with very dilute urine and vice versa, However, 





these reagent sticks detect 1onic species only and under- 
estimate the specific gravity If other substances, €.£g. 
glucose, are present. 

pH Normal urine is acidic, except after meals; meas- 
urements of urine pH are important in the investigation of 
renal stone formers and as part of a test of urinary acidifi- 
cation in the investigation of suspected renal tubular 
acidosis. 

Glucose Glycosuria can occur either because of an 
increase in blood glucose concentrarion or because of a 
low renal threshold for glucose, due to impaired proximal 
tubular reabsorption. In the latter instance, the bload 
glucose concentration will be normal. Renal glycosuna ts 
discussed further in Chapter 9. 

Protein Proteinurisa 15 an important feature of renal 
disease. Normal urine protein excrenon 1s less than 
200 mg/24 h and is not detecrable with standard reagent 
sticks (e.g. ‘Albustix”}. Parhological proteinuria may be: 


e overflow (due to raised plasma concentrations ef low 
molecular weight proteins}; 

e glomerular {due to increased glomerular permeabiliry 
to protein}; 

e trubular (due to decreased tubular reabsorption of 
frered protein); 

® nephrogenic (derived from the urinary tract). 


Further details of the Causes, detection and investigation 
of proteinuria are discussed in detail in Chapter 8 and will 
not be further considered here. 

Urinary sediment Microscopic examination of 
the sediment obtained by centnifuging a freshiy passed 
sample of urine frequently revéals à few cells (e.g. ervthro- 
cytes, polymorphonuclear leukocvtes and cells derived 
from the kidney and urinary cract}, hvaline for rarely 
granular) casts (composed of Tamm-Horsfall protein), 
and sometimes fat droplets, mucus threads and pigment 
granules. 

Increases in any of these may occur in renal diseases. 
Abnormal casts are also frequently present. These are ac- 
cretions of Tamm-Horsfall protein with other material, 
eg. cells or cellular debris. Red cell casts imply haema- 
turia due to glomerular disease and white cell casts, the 
présence of white cells within the renal tubules, In acute 
pyelonephritis, there is an increase in polymorphs and 
various types of Cast, in contrast to krwer urinary tract 
infection where polymorphs but not casts are increased. 
Microbiological examination in acute pvelenephritis will 
usually reveal bacteriuria. In acute glomerulonephritis, 
häaëmatuna causes thé urine to appear reddy-brown or 
smoky and the sediment contains large numbers of red 
and white blood cells and red cell, haemoglobin and other 
casts, In chronic glomerulonéphnitis, the amount of sedi- 
ment is much bless, but there is usually an excess of dys- 
morphic red biood cells, Red cell and haemoglobin çasts 
are sometimes present, Granular casts are seen in the 
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urinary sediment in many renal diseases but particularly m 
acute tubular necrosis: in this condition, casts containing 
tubular cells are also often present, but red cell casts are 
unCOMMON, 

Other substances Many other substances can be 
detected in the urine in appropriate circumstances, for 
example drugs, bilirubin in certain liver diseases, etc. 
Their presence is due to the normal excretory function 
of the kidneys and is not a reflection of renal dysfuncruon, 
so they will not be further considered here. 


Mcasurement of elomerdlar filtration rate 


Glomerular filtration 1s essential to renal funcuon and 
tests designed 10 measure the glomerular filtration rate 
(GER) are the most frequently performed tests of renal 
function. The factors which determine the GFR have 
been discussed above, Its measurement is based on the 
concept of clearance = the determinatuon of the volume of 
plasma from which a substance 15 completely removed 
(the plasma is ‘cléared’ of the substance} by glomerular 
fitranon during its passage through the kidnev, Ciearance 
is a theoretical concept - no subetance 18 cleared com- 
pletely from the plasma in this way — but can nevertheless 
be used as a valid measure of the GFR. 

For the clearance of a substance to equal the GFR, the 
substance must be freely fitered by the glomeruli; it must 
be eliminated from the body solely by this roure (for ex- 
ample, it must not be metabolized by the hiver or secrered 
into or reabsorbed from the urine}; 1t must be non-toxic 
and must be essily and accurately measurable. The clear- 
ancé of a substance requires measurements of the plasma 
concentration and urinarv éxcrétion rate: 


Clearance = (U x VyP 


where U is the concentration of the substance in the urine, 
Vis the rare of formation of urine and P the plasma 
concentration of the substance, It should be noted that 
V is à rate; it has the dimensions (volumertime) and its 
determination requires the collection and measurement 
of the total amount of urine formed over a known period 
of time. The units of the various quantities are usually 
adjyusted so that the clearance is expressed as mlmin. 

The entical properties of some of the substances used 
in clearance measurements to assess GER are shown in 
Table 7,3. 

Clearance can also be used to determine renal plasma 
flow, using a substance such as p-aminohippuric acid, 
which is almost completely cleared from the blood in a 
single passage through the kidneys by a combinanion of 
giomerular filtration and secretion. 

Inulin clearance Inulin is à plant polysaccharide 
which satisfics all the physiologcal criteria mentioned in 
the previous section, The measurement of mulin clear- 
ance remains the ‘aold standard’ for the estimation of 
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GFR. However, it is a relatively complex procedure and 
although test kits are commercially available, it is infre- 
quently performed in clinical practice. In essence, the test 
involves the injection of a bolus dose of inulin, followed by 
a maintenance infusion designed to produce a constant 
plasma concentration. Once this has been achieved, a 
series of timed urine samples are collected and blood is 
drawn for the measurement of inulin at the midpoints of 
the collection periods, The GFR is taken as the mean 
of the inulin clearances for each period. 

Creatinine clearance Creatinine 1s an endogenous 
substance, a normal product of muscle metabolism. Its 
rate of production 1s fairly constant from day to day, being 
determined by muscle bulk rather than by activity. Creati- 
nine is removed from the body mainly by glomerular 
filtration and creatinine clearance is frequently measured 
as an index of GFRK, 

Creatinine is actively secreted into the urine, so that its 
clearance tends to overestimate the GFR. This effect is of 
little significance at normal filtration rates, the ratio of 
(creatinine clearance/inulin clearance) being between 1.1 
and 1.2, but in advanced renal failure the contribution of 
active secretion to the total amount of creatinine excreted 
in the urine becomes high in relation to the amount 
filtered and creaunine clearance may sigmificantly over- 
estimate the true GFR. This is despite the fact that in 
severe renal failure, bacterial degradation of creatinine 
secreted into the gut may contnbute approximately 2 ml/ 
min to the total clearance. 

Inaccuracies arising from methodological problems 
with creatinine measurement have largely been overcome, 
but the major cause of inaccuracy in the determination of 
GEFR by creatinine clearance is the accurate measurement 
of urine volume. Traditionally, patients have been re- 
quired to collect urine over a 24 h period. This is a con- 
venient time, but requires the patient to void their urine 
completely at the beginning of the 24 h period and collect 
all the urine passed over the ensuing 24 h, making a final 
collection at the end of this period. The possibilities for 
mistakes resulting in an incomplete collection are consid- 
érable and even under ideal conditions, for example in a 


metabolic unit with highly motivated patients, the coeff- 
cient of variation for repeated measurements in the same 
individual may only be as low as 11% and is frequently 
higher. Even at this level, the critical difference (the 
amount by which two estimates must differ to give a 95% 
probability that there has been a true change in GFR) is 
33%. The accuracy of estimates of the GFR by measure- 
ment of creatinine clearance may be improved by making 
two or more consecutive 24 h urine collections, but this 1s 
often not practicable even if it is acceptable to the patient. 

There is, however, nothing magical about the 24h 
period. The use of shorter periods, although more con- 
venient for the patient, may reduce accuracy through in- 
adequate bladder emptving, but a good compromise 1s to 
make a collection overnight. As long as the bladder was 
emptied at the beginning of the test (before retiring) and 
when the final collection was made (on rising), the urine 
production rate can be calculated and substituted in the 
(LU x VyP formula. 

It is essential that a reliable method 1s employed to 
measure plasma and urine creatinine concentrations. 
Colorimetric assays tend to overestimate creatinine since 
they detect non-creatinine chromogens. But even when 
reliable methods are used, it should be appreciated that 
the creatinine clearance is based on four measurements: 
plasma and urine creatinine concentrations, urine volume 
and time. Each has an inherent inaccuracy and the overall 
analytical variance will be the sum of the individual 
variances. 

Plasma creatinine concentration The way in 
which creatinine is handled by the kidney, coupled with 
the fact that in any one individual the rate of production is 
relatively constant from day to day, means that the plasma 
creatinine concentration alone can be used as an index 
of renal function. But although it is widely used, it has a 
number of disadvantages and these must be borne in 
mind when interpreting plasma creatinine concentrations. 
Perhaps the most important becomes apparent from con- 
sidering the familiar (U x VY/P formula for deriving the 
GFR. Plasma creatinine concentration is inversely related 
to GER, not linearly related, This means that a plot of 


nlasma creatinine concentration against GFR has che 
form of a hyperbola (Fig. 7.4), At any concentration of 
creatinine, halving the GFR will double the plasma con- 
centration. But given the wide reference range for plasma 
créatininé concentration in the normal population, thus 
means that in an imcividual, the plasma creatinine concen- 
tration could be within the reference limits, yet the GFR 
be only one half of normal. 

This 15 of critical importance to clinical practice, since 
in carly renal disease (when it might be supposed that 
therapeutic intervention would be most benéficial}, the 
plasma creatinine concentration may be ‘normal - that 
is, within the reference range - in spite of the GFR 
being reduced. Plasma creatimine concentration is thus 
a relatively insensitive index of mild renal functional 
impairment. Àt low values of GFR, however, it becomes 
extremely sensitive, although its accuracy declines be- 
cause of the increased contribution of tubular secretion 
to overall renal excretion. 

Other factors which must be taken into account in 
assessing the significance of plasma creatinine concentra- 
uons include muscle mass, diet (a recent meal inciuding 
meat - particularly 1f stewed - may Cause à transient in- 
créase in plasma creatinine concentration) and the pres- 
ence in the plasma of substances which interfere with the 
assay. Ketones, bilirubin, cephalosponins and spironolac- 
tone have all been implicated, depending on the method 
used. 

The importance of muscle mass is exemplified by 
the changes that occur with age. In healthy individuals, 
glomerular filtration rates, and thus creatinine clearances, 
decline with increasing age from about the end of the 
fourth decade, at a rate of approximately 1 mL/min/vear, 
However, plasma creatinine concentration does not nor- 
mally rise with age; this is because of a decrease in pro- 
duction rate, thought to reflect the tendency for muscle 
mass 10 fall with age. 
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Fig. 7.4 Relinondup between creatinine clearance and plasma 
creatitine concentration. Às the clearancçce 1s related ro the reciprocal of 
he plasma concentration, considerable loss of renal funcrien can ecçur 
without the plasma creatinine concentration rising above Che reference 
range (shaded)}. 
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Although comparison of a measured plasma creatinine 
concentration with à reference range can be misleading, 
the fact that enrraimdindual varianon 1s less than raiter- 
indiiiduai variation means that the detection of a change in 
creatinine concentration in an individual provides a more 
sensitive indication of a change in renal funcnon, Never- 
theless, the biological and analytical variance (even using 
the best assavs) results in a critical difference of about 
17% (14 umol/L at a plasma creannine concentration of 
120 umol/L). 

In patients with advancing renal failure, the progressive 
loss of renal funcuion with time can be expressed as a 
graph of reciprocal plasma creatinine concentranon 
against time (since GFR is proportional to 1/[plasma 
creatinine]). À steady loss of renal function will cause this 
plot to be rectilinear (Fig. 7.5). Such plots are useful in 
patients with irreversibly declining renal function to help 
predict when renal replacement will become necessary, s0 
that, for example, appropriate means for vascular access 
for haemodialysis can be provided. 

Given the problems associated with the measurement 
of plasma créatinine concentration and creatinine clear- 
ance, the practical application of these measuréments to 
patients with or suspecte of having renal disease is not 
straightforward. Since the rate of creatinine production 
is relatively constant in most individuals (the essential 


GFR 
émL'rmuin) 


» 8 & 


Le 





Plasma 
creatirune 
Qumol/L) 





Plasma 


tumol/L}"? 





Yéars 


Fig. 7.5 The progression of chronic renal failure, Hypothetical curves 
to show (a) the dechne an glomeruler filtration rate (CGFR}, (bi the 
increase mn plasma creatinine concentration and (€) the decrense in 
recprocal plasma creanmme concentration. The broken lines show the 
changes that might be expected were the decline in funcuioe te 
accelerate For any reason (see Table 7,91. 
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assumptuon being that lean body mass is constant) one 
approach is to measure the GFR {preferabiy by a rehable 
techmique, see below) and the plasma creatinine concen- 
tration simultaneously and then 16 follow progress with 
serial plasma creatinine measurements. 

Calculated creatinine clearance GCriven that the 
creatinine cleared by the kidney 1s almost entirely derived 
from muscle and that muscle mass 15 related to body mass 
and to age, it 18 possible to denve formulae to estimate the 
creatinine clearance, and hence the GFR, from the plasma 
creatinine concentrauon. The empinically derived formula 
of Cockcroft and Gault is the best known of these. How- 
ever, it and all similar formulae depend on measurements 
of plasma creatinine and their accuracy can be impaired 
by all the factors that affect this. The Cockcroft and Gault 
formula for males is: 


C,, = 1.224 {(140-age) x wt}/[Cr,] mL/min 


where C., is creatinine cléarance, [Cr is plasma creani- 
nine concentration, age 15 measured in years and wt is 
body weight in kilograms. For females, €. 15 15% less 
than for males, so chat the figure 1.224 in the above for- 
muls is replaced by 1.04. Modifications to the formula are 
required before it can be used in children or obèse adults. 
The formulae developed for children are particularly use- 
ful, since there are considerable practical difficulries in 
making quantitative urine collections m this age group. 

Plasma wurea concentration Although of great 
historical importance and sull widely used as a test of 
renal funcuon, the measurement of plasma urea concen- 
tration suffers from many disadvantages For thus purpose. 
Although the plasma urea concentration can provide use- 
ful information in some Ciroumstances, particularly when 
it can be compared with the plasma creatinine concentra- 
tion, the later, in spite of the problems discussed above, 15 
the more reliable test of renal funcnion. 

Urea is the end product of the metabohsm of many 
nütrogenous substances, particularly amino acids. It is 
freely filtered at the glomerulus but its plasma concentra- 
tion is dependent in part on its rate of formation, which 
can vary widelv according to the overall rate of protein 
turmover and can also be affected by hepatic function 
(patients with combined hepatic and renal failure may 
have normal plasma urea concentrations). There is signif- 
cant passive reabsorption of urea from the lummen of the 
nephron and this increases at high plasma urea concentra- 
tions Cas in renal failure) and if the rate of flow of fluid 
through the nephron is low (as when GFR is decreased by 
dehvdrauon). The famihar observation that the plasma 
urea concentration tends to rise before the creatiminé 
in patients with ‘prerenal’ renal impairment (see p. 129) 
réflects this latter fact. 

Plasma H,-microglobulin This protein, a compo- 
nent of the major histocompatihility (HLA) complex, 1s 
shed into the plasma at a constant rate and, having a mo- 


lecular weight of only 11 815 Da, passes freely through 
the glomeruli. Às à result, its plasma concentration is nor- 
mally very low (<2 mg/L) but it nsés if renal function is 
impaired and can reach 40 mg/l. There is a direct rela- 
tonship between plasma f.-microglobulin and GFR but 
its measurement has not been widely adopted as an index 
of GFR for methodological reasons. Further, there are 
a number of conditions in which the production of 
B.-microglobulin 15 increased (for example, lymphoid 
tumours and some inflammatory diseases) and these can 
result in increased plasma concentrations which do not 
reflect decreased clearance, 

Isotopic techniques for measuring GFR À num- 
ber of radiolabelled compounds that are excreted entirely 
or largely by glomerular filtration have been used in tests 
designed to measure the GFR. They include *'Cr-labelled 
ethylenediaminetetraacenic acid (EDTA), “Liodo- 
thalamate and “"Tc-diethylenetrianmnepentaacetic acid 
(D'TPA). In the simplest type of tést, a single bolus injec- 
Hon 15 given and accurately timed blood samples are col- 
lected over 2 hours (longer may be necessary in patients 
with renal impairment). The logarithm of plasma radio- 
activity is plotted agamst ume and the linear part of the 
curve is extrapolated back to zero time 10 allow calcula- 
uon of the notional initial volume of distribution. The 
GFR 15 then given by: 


GER = V, x log 2}/k, 


where V, is the notional imual volume of distribution and 
t. 15 the half-life for the decrease in plasma radioactivity, 

Such methods compare reasonably well with the results 
of measurements of inulin clearance, but their accuracy 
is enhanced if classic clearance techniques are used. For 
this, the marker compound is given during a water di- 
uresis and a series of measurements of plasma and urine 
radioacuvity are made. The clearance formula 15 used te 
calculate individual clearances and the GFR is taken as 
the mean of these, 

ST c-DTPA is also used as à renal scanning agent 
{although the dose of radicactivity required is approxi- 
mately 10 times greater than for measurement of GFRi. 
However, gamma camera scanrung following the adminis- 
ration of “®Tc-DTPA can be used t5 measure the indi- 
vidual contribution of each kidney to the overall GFK. 


Qrher tests of renal funcrian 


Tests of proximal tubular function include the measure- 
ment of phosphate reabsorption (see Ch. 6), urinary 
amino acid chromatography and the derection of glyco- 
suria, The causes of glycosuria are discussed in Chapters 
9 and 14. Amino aciduria can be due to increases in 
plasma amino acid concentrauon (‘overflow amino aci- 
duria”}, as occurs in several inherited disorders of amino 
acid metabolism, or to decreased renal tubular reabsorp- 


tion of normally filtered amounts of amino acids (‘renal 
amino aciduria’), Renal amino aciduria can be due to iso- 
lated defects of amino acid transport or to generalized pro- 
ximal tubular dysfunction and is discussed in Chapter 9. 

Tests of distal tubular function include formal tests of 
urinary concentration and dilution and of urinary acidifi- 
cation. These are discussed in Chapters 4 and 9. The as- 
sessment Of urinary sodium excretion in relation to 
physiological requirements plays an important part in the 
investigation of renal function per se, as discussed in 
the section on acute renal failure on page 130. 

In general, however, tests of renal tubular function are 
employed much less frequently than tests of glomerular 
function in the investigation of renal function. 


ACUTE RENAL FAILURE 
Introduction 


Acute renal failure (ARE) is essentially characterized by a 
sudden decline in renal function, leading to retenuon of 
nitrogenous and other waste products, disordered hydro- 
gen ion homocostasis and disturbances of extracellular 
fluid volume and composition. Ir is a potentially life- 
threatening condition and, developing as it often does in 
patients who are already severely ill, it has a high mortal- 
ity, despite the widespread availability of effective renal 
replacement therapy. 

In many cases of acute renal failure there is oliguria 
(a urine flow rate of < 15 mL/h in the adult). However, 
this is not universally present. In particular, non-oliguric 
renal failure may be seen in patients with burns, liver dis- 
ease and drug-induced renal damage. Occasionally, there 
is no urine production at all (anuria). This can occur with 
particularly severe renal disease but is more frequently due 
to urinary obstruction (to which it is an important clue). 

It is important to appreciate that a diagnosis of acute 
renal failure is on its own incomplete and does not imply 
any particular cause. Acute renal failure can have many 
causes and there is no uniform clinical picture. On the 
other hand, similar clinical and metabolic disturbances 
may occur in patients with renal failure due to any of a 
wide variety of conditions. The principal clinical features 
of acute renal failure are summarized in Table 7.4. 

The use of the adjective ‘acute’ tends to emphasize the 
importance of the period of time over which the condition 
develops. While it is true that this time is usually only 
a matter of hours (in contrast to that for chronic renal 
failure (CRF), below), a more fundamental difference 
between these two syndromes is that ARF is, usually, po- 
tentially reversible, whereas in CRE there 1s progressive, 
irreversible loss of renal function over a period which can 
range between 1 or 2 and tens of years, leading eventually 
to endstage renal failure, a condition in which renal 
replacement (e.g. long-term dialysis, transplantation) is 
required for continued survival. 
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Clinical feature 





Retention of DE Nausés, vomiting, ae 
| waste produets (T plasmn clouding of consciousness, coma, 
|  ures and creatinine) gestromtesunal blecding, ete. 
Retention of sodium and Peripheral and pulmonary ocedema, 
| water (usually with ascites, pleural cffusion 
hyponutraemia) 
| Retention of pommssiunn Typical ECG changes (peaked 
| (with hyperkalsémia) T waves, flattened P waves, QRS 
| depression, widened QRS complex) 
Risk of cardinc arrest | 
Muscle weskness, paralysss 


Retention of acid (metabolic Kussmeul breathing, hypotension 
| acidosis, T([H‘}, À pH, 
| LA (HCO, 1], 4 FCO, | 


Classification and causes 


As has been discussed above, the primary determinants 
of the GFR are the hydrostatic pressure of blood in the 
glomerular capillaries, the intrinsic physical properties of 
the glomeruli and the hydrostatic pressure of fluid in the 
lumen of the nephron. It follows that changes in one or 
more of these may cause a decrease in GFR. Acute renal 
failure has traditionally been classified into prerenal (that 
is, due to impaired perfusion), intrinsic renal and post- 
renal (that is, obstructive) causes (Table 7.5). This classi- 
fication, though useful, particularly in formulating an 
approach to diagnosis and management, has limitations; 
in any patient, more than one factor may be contributing 
to the development of renal failure. Furthermore, both 
‘prerenal" and ‘postrenal” ARF can lead to the develop- 
ment of intrinsic renal damage, Also, intrinsic renal dis- 
case can have detrimental cffects on renal perfusion 
and itself cause obstruction to the flow of urine. Finallv, 
the syndrome of acute renal failure can develop in 
patients with chronic renal insufficiency (‘acute on 
Chronic renal failure”) as when, for example, complete 
bladder outflow obstruction leads to retention of urine 
and ARF in a man who already has chronically impaired 
renal function as a result of partial obstruction due to 
prostatic hypertrophy. 


This type of renal failure is characterized, at least in its 
carly stages, by a lack of structural renal damage, reten- 
tion of normal tubular function (e.g. concentrating ability, 
sodium reabsorption) and rapid reversibility provided that 
the cause is managed appropriately, In essence, it is a 
consequence of decreased renal perfusion, secondary to 
cither cardiovascular insufficiency (hypovolaemia or hypo- 
tension) or a derangement of intrarenal haemodynamics. 
Some causes are indicated in Table 7.5. 

In health, renal blood flow and the glomerular filtranon 
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rate remain unchanged over a wide range of renal 
perfusion pressures, but a fall in renal perfusion pressure 
below a mean of about 100 mmHg leads to a reduction 
in renal blood flow and GER. 

Homoeostatic mechanisms involved in the defence 
of extracellular fluid volume include increased sodium 
reabsorption and increased water retention, The major 
stimulus to sodium reabsorption is through angiotensin 
II induced secretion of aldosterone, Water reabsorprion 
is stimulated by increased vasopressin secretion; stimuli to 
vasopressin secretion may include hypovolaemia, angio- 
tensin IT and, if hypovolaemia is due to hypotonic fluid 
loss, increased plasma osmolality. In addition, vasocon- 
striction of efferent glomerular arterioles by angiotensin II 
increases the filtered fraction of the plasma, thus increas- 
ing the protein content (and oncotic pressure) of blood in 
these vessels and the peritubular capillaries, so enhancing 
the proximal tubular reabsorption of water. 


The accurate diagnosis of prerenal ARF is important, 
since rapid intervention may prevent progression to intrin- 
sic ARF. In prerenal ARE, the plasma urea concentration 
is usually increased disproportionately to the creatinine. 
As urine flow rate falls, the diffusion of urea from the 
lumen of the nephron into the interstitial fluid increases. 
An increase in urea may also be related to the increased 
catabolism that frequentiy is present as a result of the 
underlving disorder. In contrast, in intrinsic renal failure, 
the plasma urea and creatinine concentrations tend to rise 
in parallel. 

Urinalysis may be informative and should be per- 
formed in all cases of acute renal failure, As discussed 
on page 125, abnormalities apart from the presence of 
hyaline casts are uncommon in prerenal ARF but are 
invariably present in intrinsic ARF. Again in contrast to 
intrinsic ARE, in prerenal ARF the urine is usually free 
of protein on dip-stick testing. 

The fact that tubular function is intact in prerenal ARF 
underlies a number of diagnostic tests (see Table 7.6). In 
prerenal ARF, the homoeostatic responses to hypovolae- 
mia described above should maximize renal sodium reab- 
sorption and water retention, In consequence, the urine 
will tend to be concentrated and have a low sodium con- 
tent, whereas if there is tubular damage, there will be a 
failure of response and the urine will be dilute and will 
contain significant amounts of sodium. Although in gen- 
eral these theoretical conclusions are supported by clinical 
observations, considerable overlap may occur in the 
results obtained in patients with prerenal and established 
ARF. It should be emphasized that the tests are only 
useful if there is oliguria and may be vitiated if the patient 
has been given à diuretic (which will increase sodium 
excretion éven in prerenai ARF), mannitol or an X-ray 
contrast medium (these increase urine osmolality even in 
intrinsic ARF). 

Despite these caveats, these tests, taken into account 
with all the other information that may be available, are of 
help in management, but the diagnosis of intrinsic ARF 
may only be made from an inexorably rising plasma cre- 
atinine concentration despite correction of any ‘prerenal” 
factors that can be identified. 





Management 


The management of prerenal ARF involves rapid restora- 
tion of normovolaemia, discontinuation of any potentiaily 
néphrotoxic drugs and increasing tubular flow to prevent 
tubular obstruction, Delay in achieving normovolaermia 
increases the risk of progression to intrinsic renal failure, 
Fluid replacement must be done with appropriate moni- 
toring, i.e, of central venous or pulmonary wedge pres- 
sure, 10 achieve adequate cardiac output and avoid fluid 
overload, In patients with shock, it may be necessary 
to infuse dobutamine or other vasoactive substances 10 
achieve an adequate blood pressure. 

Other measures that are used include the infusion of 
mannitol, frusemide or low-dose (‘renal' dose) dopamine, 
Manmitol acts as an osmouc diuretic and may protect 
tubular cells against ischaemic injury but should be used 
with caution as it may Cause overexpansion of the extra- 
cellular space in established renal failure. Diuretics also 
promote glomerular arteriolar vasodilaration and increase 
the GER. În addition to its diuretic action, frusemide may 
be of benefit through reducing the energy requirément 
for sodium transport. At low doses, dopamine is a renal 
vasodilator, and may act synergistically with frusemide. 

It remains uncertain whether pharmacological inter- 
vention can reverse prerenal ARF if volume expansion 
and correction of hypotension have failed to do so, but 
they are of definite prophylactic value in patents at high 
risk of developing acute renal failure, for example patients 
undergoing surgery requiring cardiac bypass. 


Intrinsic renal failure 


Intrinsic renal failure can be a progression from prerenal 
ARF but many conditions causing renal failure do so 
without a prerenal phase. Nephrotoxins, intrinsic renal 
disease (eg. glomerulonephritis) and systemic disease 
affecting the kidnevs (eg. septicaernia) are all important 
causes of renal failure {sce Table 7.5). 

In many hospitals, approximately half the cases of 
acute renal failure follow surgery or trauma, thé majority 
of the rest being caused by neéphrotoxins and medical 
conditions. 

The term ‘acute tubular necrosis’ is sometimes used 
synonymously with ‘intrinsic acute renal failure’ but 
should not be. Ischaemic injury and many neéphrotoxins 
cause acute tubular necrosis but in other cases of renal 
failure, the brunt of the damage is borne by the glomeruli, 
Although the management in such cases will involve 
management Of thé renal failure per se, thé prognosis 
often depends primarily on the underlying cause. 


Dhagnos:s 


The distinction between prerenal and intrinsié failure has 
been discussed above. In addition, proteinuria 18 usually 
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present. The urinary sediment frequently contains epithe- 
lial cells both free and in casts, and in renal failure due 
to glomerulonephritis haëermatuna and red cell Casts are 
present. 

Thé plasma biochemical disturbances are similar in 
all types of renal failure though, without intervention, 
they become more severe if prerenal failure leads to in- 
trinsic renal failure, The plasma urea and creatinine 
concentrations then tend to rise in parallel. 

Special investigations which may be of value (but will 
not be required in all cases) include radiology, ultrasound 
and isotopic scanning. Àn mtravenous urogram (IVLU) 
will dermonstrate the size of the kidneys (important in the 
diagnosis of acute on chronic renal failure, see below). 
The appearance of the nephrogram phase can assist in 
determining the cause of acute renal failure, An increas- 
ingly dense nephrogram 1s characteristic of, but not spe- 
cific for, ureteric or pelvic obstruction. Ulrrasound is also 
helpful in the diagnosis of urinary tract obstruction. A 
wTc-DTPA scan may be of value if there is any doubt 
about the patency of the renal arteries. 

Renal biopsy 1s not required if the cause of acute renal 
failure is obvious (e.g. post-trauma) but will inform man- 
agement if the development of renal failure is unexpecred 
and intrinsic renal disease, e.g. glomerulonephritis, is 
suspected. 


Acute tubular necrosis 


Pathogenesis While the reduction in GFR which 
occurs with renal hypoperfusion is readily explicable, the 
cause of its persistence after restoration of the circulation 
is a morc complex issue which is still not fully understood. 
Several mechanisms may be involved (Fig. 7.6). These 
include continued renal vasoconstriction, due to the intra- 
renal release of vasoactive substances including endo- 
thelin and prostaglandins and to angiotensin IT (renin 
secretion may rémain high secondary to decreased deliv- 
ery of solute (especially sodium} to the macula densa); 
direct damage to the glomeruli resulting in decreased fil- 
tration; and physical obstruction of the lumen of the ne- 
phron by swollen tubular cells or tubular debris. Diffusion 
of fluid frem the lumens of nephrons into thé interstitial 
tissue through the damaged tubular walls (stimulated by 
the difference in oncotic pressures} will tend to nullify the 
process of glomerular filtration, 

There is evidence from experimental models to support 
all these mechanisms. In 4ll probability, all are involved 
in the pathogenesis of acute tubular necrosis but with 
chfferent causes, the relative contribution of the various 
mechanisms is Hkely to differ, 

Whatever the cause, however, injury, whether nephro- 
toxic or ischaëmic, appears to be central to the develop- 
ment of renal failure and the restoration of normal renal 
function requires not only restoranon of glomerular Gltra- 
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Fig. 7.6 Factors mvolved in the pathogenesis of oliguria in acute 
tubular necrosis. 


uon but regeneration of the tubular epithelium of the 
nephron. 

Natural history The natural history of acute tubular 
necrosis can be divided into three phases: the initial, 
oliguric phase, a diuretic phase, as glomerular filtration 
begins to recover but a combination of persisting tubular 
damage and a high osmotic load causes a diuresis, and a 
recovery phase. The time course is variable between a few 
days and several months. Although patients who survive 
usually recover normal renal function, a small number 
develop renal cortical necrosis, from which funcuonal re- 
covery is not possible, Renal cortical necrosis occurs most 
frequently in acute renal failure complicating obstetric 
disasters (ante- Or postpartum haemorrhage), 

Exceptuions occur and some patients do not have an 
oliguric phase. The details of management of each stage 
are different although the principles — avoidance of com- 
plications and the provision of replacement therapy as 
required — are common to all patients with renal failure. 

The mortality of acute renal failure has decreased con- 
siderably with widespread availability of renal replacement 
treatment, but remains in the region of 50%. It is related 
not only to thé severity of the renal failure and the 
efficiency of treatment, but also to the underlying cause 
and any associated circumstances, for example multiple 
trauma. Acute renal failure frequently occurs in patients 
who are already severely 11l. The prognosis is generally 
better in non-oliguric acute renal failure than when 
oliguria is present. 


Obstructive (postrenal) renal failure 


The possibility of an obstructive cause must be considered 
in any patient with acute renal failure, The history and 
examination (eg. previous symptoms Of prostatism, a 
palpable bladder) may provide a clue and the bladder 
should be catheterized but if oliguria is then confirmed, 
the catheter should be removed as it will otherwise be a 
potential source of infection. Ultrasonography may detect 
dilatation of the ureters or renal pelvices if there is ureteric 
obstruction. 

Obstructive renal failure may be due to urethral (e.g. 
benign prostatic hypertrophy, stricture), bilateral ureteric 
(e.g. calculi, retroperitoneal fibrosis) or intrarenal (e.g. 
light chain precipitation in myeloma) obstruction. Any of 
these conditions can also cause chronic renal failure. 

The procedures involved in the diagnosis of obstructive 
renal failure often reveal the cause. Management is di- 
rected at restoring a normal flow of urine, for example 
by percutaneous nephrostomy or removal or ultrasomie 
destruction of calculi. Relief of obstruction often leads to 
a temporary diuresis and natriuresis and the urine should 
be collected and analyzed to guide fluid replacement 
therapy. The failure to conserve water and sodium is 
thought to be a consequence of the increased hydrostatic 
pressure in the lumen of the nephron. 


Acute on chronic renal failure 


Acute renal failure can occur and precipitate presentation 
in patients with pre-existing (chronic) renal impairment. 
Clues to this possibility are indicated in Table 7.7, In 
practice it is often necessary to manage the acute event 
and investigate the patent for chronic renal disease later. 


Hepatorenal syndrome 

Patients with liver disease can develop acute renal failure, 
The causes may be common (e.g. paracetamol toxicity) or 
independent. Prerenal and intrinsic renal failure can 


ocCcur. The hepatorenal syndrome is, however, a unique 
form of acute renal failure which can develop in patients 
with chronic liver failure, Ir is discussed in detail in 
Chapter 13. It is unique in that it is functional in nature; 
that is, although renal funcrion is greatly reduced, the 
tubules retain their Capacity for reabsorbing water and 
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solutes. Indeed, in cases where a kidney from a patient 
with this condition has been transplanted into an indi- 
vidual with normal hepatic function, immediate normal 
function has been observed. Furthermore, liver transplan- 
tation can reverse the hepatorenal syndrome. 

Patients with hepatorenal syndrome are oliguric and 
the urine is concentrated and low in sodium. These obser- 
vations suggest impaired renal perfusion (as in prerenal 
renal failure) but patients are often fluid overloaded and 
do not respond ro volume expansion. There is a marked 
reduction in renal perfusion in the hepatorenal syndrome, 
related to both afferent and efferent arteriolar vasocon- 
striction, but the precise mechanisms underlving these 
changes are not fully understood. 

The hepatorenal syndrome can progress to acute 
tubular necrosis; this has a particularly poor prognosis 
in patients with liver disease and recovery usually only 
occurs if there is some improvement in hepatic function, 


Metabolic consequences and management of acute 
renal failure 


The importance of prevention has already been empha- 
sized. Many cases of acute renal failure occur in patients 
at predictably high risk of developing the condition. 
Accurate diagnosis is essential in the management of 
acute renal failure. It is essential to consider the following: 


© Is there a prerenal component? 

© Is there any urinary tract obstruction? 

e ]s there any intrinsic renal disease? 

e Is there a chronic component (acute on chronic renal 
failure)? 


The approaches to the answering of these questions 
have been discussed above, 

If renal function is not rapidly restored to normal 
despite appropriate management of any antecedent 
condiuon, the aim of treatment becomes the prevention of 
the consequences of the condition, There are two aspects 
to management: conservative measures and, if these alone 
are insufficient, renal replacement, Specific measures to 
treat the underlying cause should, of course, be contin- 
ued. All patients require stringent clinical and laboratory 
monitoring throughout. 


Conservative management 


Fluid and ‘electrolyte’ balance The prevention of 
fluid overload or ‘electrolyte’ imbalance is crucial to the 
management of acute renal failure. In calculating fluid 
balance, allowance must be made for endogenous water 
production of some 500 mL/24h and insensible losses 
(approximately 0.5 mL/kg body weight/h but significantly 
higher if there is pyrexia). Endogenous production derives 
from oxidative metabolism and will be increased if the 
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patient is catabolic. Patients may be fluid depleted at the 
outset, but are often fluid overloaded as a consequence of 
the excessive administration of intravenous fluid during 
attempts to restore normovolaemia. Fluid overload itself 
may be an indication for renal replacement treatment 
(sec below). 

Objective assessment of extracellular fluid volume 
by monitoring of central venous or pulmonary wedge 
pressure (equivalent to left atrial pressure), the latter using 
a Swan-Ganz catheter, is valuable and in many patents 
essential but scrupulous care is required to reduce the risk 
of infection. 

Sodium intake must be limited in oliguric patients and 
special note taken of any covert sodium administration 1f 
drugs are given as their sodium salts. The plasma sodium 
concentration is usually low during the oliguric phase of 
acute renal failure, often due to a combination of iatro- 
genic water overload and true sodium depletion. 

In patients with non-oliguric renal failure and during 
the diuretic phase of acute tubular necrosis, adequate 
fluid and sodium replacement is required and should be 
informed by continuous assessment of urinary volume and 
sodium concentration. 

Hyperkalaemia is a life-threatening complication of 
acute renal failure and frequent monitoring of plasma 
potassium concentration is essential. Potassium intake 
should be minimized; intravenous calcium chloride will 
antagonize the effects of hyperkalaemia but does not re- 
duce the potassium concentration. This may be achieved 
by giving dextrose and insulin but persistent hyperkalae- 
mia is an indication for renal replacement. Several factors 
contribute to the increase in plasma potassium concentra- 
uon, including decreased renal excretion, acidosis and 
loss of intracellular potassium to the extracellular fluid 
due to catabolism. 

Other disturbances that occur in acute renal failure 
include hyperphosphataemia, hypocalcaemia, hyper- 
uricaemia and hypermagnesaemia, but these are rarely of 
clinical significance, In the diuretic phase, hypercalcaemia 
may develop, particularly in cases of acute renal failure 
related ro crush injuries, due to a release of calcium from 
damaged muscle and increased synthesis of calcitriol as 
falling phosphate levels decrease the inhibition of renal 
la-hydroxylase, 

Acid-base balance Since the kidneys are the only 
organs capable of excreting significant amounts of hydro- 
gen ions and the net daily acid load that has to be excreted 
is of the order of 40-80 mmol/L,, patients with acute renal 
failure are usually acidotic. Acid-base status may also be 
adversely affected by associated conditions, e.g. loss of 
bicarbonate from a pancreatic fistula. Severe acidosis re- 
quires correction but considerations of fluid and sodium 
balance may prevent the administration of sodium bicar- 
bonate in which case renal replacement will be required. 

Nutrition Active nutntional management is a vital 
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part of the management of patients with acute renal 
failure, whether being treated conservatively or with renal 
replacement. The aim is to maintain nutritional status 
where 1t is adequaté and improve it where it is compro- 
mised, in order to limit catabolism, promote the healing 
of any wounds and enhance resistance to infection. The 
mainstay of nutriional management à to provide ad- 
équate energy substrates 10 obtain positive energy bal- 
ance. Nitrogen requirements are variable and there are 
lew rehable data to guide the amount of protein or amino 
acids that should be provided. In established renal failure, 
an increase in the plasma urea concentration not associ- 
ated with an increase in creatininé suggests excessive pro- 
vision of nitrogen. Ît is important to provide adequate 
vitamins and tracé nutrients. 

If possible, the enteral route should be used to provide 
nutrients. In patients who cannot eat, or eat enough, pro- 
prietary liquid feeds may be given through a nasogastric 
tube, For patients with intestinal failure or for those in 
whom enteral fecding is contraindicated for some other 
reason or in whom enteral feeding cannot on its own pro- 
vide suffcient energy, parenteral feeding will be required. 

The principles of nutnitional management in acute re- 
nal failure are no different from those in any other condi- 
uon. Ân adequate regimen must be provided, a suitable 
route for its provision must be available and the patients’s 
response must be carefully monitored. Îr should be appre- 
ciated that patients receiving renal replacement in general 
have increased requirements for nutrients, since there will 
be loss from the bloodstream into the dialysate. 

There is no reason not 16 use paid emulsions together 
with dextrose solutions as an energy source in patients 
with acute renal failure receiving parenteral feeding, 
unless thére is a problem with lipid utilization; this will 
be apparent from simple inspection of the plasima which 
will appear lipaemic. 

General measures Infecnion is a frequent cause af 
death in patients with acute renal failure, even 1f it has not 
precipitated the condition. It is essential to treat any infec- 
tion cariv and adequately and to take every pracucable 
step possible to prevent infection developing. For all drugs 
that may be required, mcluding antibiotics, care must be 
taken to avoid any that are potentially nephrotoxic, The 
dosages of any drugs that are excreted by the kidneys 
should be reviewed and where appropriate, dosage guided 
by measurement of plasma concentrations. 


Kenal replacement treatment 


Except in patients with non-ohiguric renal failure, renal 
replacement is frequently required, Major indications 
for renal replacement imclude che following; in practice, 
several May COCXIST: 


e fluid overload (e.g. pulmonary oedema); 


® requirement to allow provision of parenteral nutrition 
or other solutions; 

® poor clinical status; 

® severe hyperkalaemia (plasma potassium > 7.0 mmol/ 
L); 

® severe acidosis (arterial [H'} > 70 nmol/L., pH <7.15 
or plasma bicarbonate <12 mmol/L.i; 

® plasma urea concentration > 35 mmolL or rising at 
> 16 mmol/L/24 h. 


Haemodialysis This technique is discussed on page 
140, Itis performed intermittentiy, each treatment lasting 
approximately 4 hours. Clearance rates of more than 
50 mL/min can be achieved, Intermittent haemodialvsis às 
an efficient technique but there is a danger of ‘disequilib- 
rium syndrome’ due to 100 rapid removal of metabolites 
leading to osmotuc imbalance between body fluid com- 
partments with consequent rapid shuifis of fluid, Head- 
ache, vomiting and occasionally fits may occur. 

Because excess fluid is removed intermittently, the pro- 

vision of continuous parenteral fecding may be more diffi- 
cuit with haemodialvsis chan with the filtration techniques 
described in the following sections, 
This technique (see p. 141) allows clearance rates of 
approxgmately 10 ml/rmin and is simpler to set up and 
manage than haemodialysis. Both techniques require 
appropriate access 10 the circulation. In haemofiltration, 
large volumes of fluid are removed, giving ample scope 
for the provision of parenteral nutrition when required, 
although other fluid replacement will usually be required 
in addnon. CAVH 15 becoming thé treatment of choice 
for acute renal failure. 

Continuous arteriovenous  haemodiafiltration 
(CAVHD) In this technique, the filter is also perfused 
by dialysis solution. This combines the advantages of 
filtration (particularly the case of removal of fluid) with 
those of dialysis (higher cléarances). Clearance rates of up 
to 30 mL/min can be achieved, Correction of metabolic 
imbalances, for example hyperkalaermia, 15 more easily 
achieved with CAVHD than CAVH. 

Both haemofiltration and haemodiafiltration can also 
be performed by taking blood from and returning it to the 
venous system. În contrast to artenovenous techniques, 
where the pressure required 1s provided by the artero- 
venous pressure difference, in venovenous techniques a 
pump is required in the extracorporeal circuil. 

Peritoneal dialysis Peritoncal dialysis {see p. 142) 
is a simpler technique than haemodialysis or haemoñiltra- 
tion and does not require access to the circulation. It does 
not require highly trained staff or special equipment and 
can be set up very quickly. However, it is less efficient 
than haemodialysis (clearance rates approximately 26 ml/ 
min) and 50 is unsuitable for hypercatabolic patients; st is 
uncomfortable for the patient and dialysis is required for 


longer periods (e.g. 12-18 h). Considerable quantities of 
protein (up to 40 g) can be lost into the dialysate at each 
session and there is a nsk of peritonitis. Nevertheless, if 
the requirements needed to set up haemodialysis or filtra- 
tion are not immediately available, this technique is valu- 
able in the management of patients with acute renal 
failure. 


CHRONIC RENAL FAILURE 
Introduction 


Chronic renal failure (CRF) is a syndrome of persistent 
renal impairment involving loss of both glomerular and 
tubular function such that the kidneys’ homoeostatic 
functions are compromised. It usually has a gradual onset 
and in many cases progresses inexorably to a critical state 
(endstage renal failure) in which the patient’s continued 
survival requires the initiation of renal replacement treat- 
ment, either by some form of dialysis or by renal trans- 
plantation, Although there are many causes of chronic 
renal failure, the clinical features of the condition tend to 
be similar regardless of the cause, being in effect due to a 
decrease in the number of functioning nephrons., Despite 
this, it is, as discussed below, important to attempt to 
determine the cause, although this is not always possible 
or successful. 

Although chronic renal failure may be discovered early, 
before it has given rise to any climical disturbance (for 
example, by the routine assessment of renal function 
in patients at risk of developing CRE, e.g. diabertics), it 
frequently presents late, with a glomerular filtration rate 
already below 20 ml/min and clinical features of the ‘urae- 
mic syndrome”. This term is used to describe the clinical 
features which can occur in patients with chronic renal 
failure, but is due to the retention of many substances of 
which urea itself is relatively unimportant and to other 
(for example, endocrine) abnormalities which arise as a 
result of renal dysfuncuion. 


Aetiology and pathogenesis of chronic renal failure 


Some of the more frequent causes of chronic renal failure 
are indicated in Table 7.8. As alluded to above, it is 
not always possible to determine the cause; patients 
presenting with advanced uraemia frequently have small, 
shrunken kidneys (unless amyloid or polycystic disease is 
the cause of the condition) and specific diagnostic features 
may not be discermible even in a biopsy. It is, however, 
important 10 try 10 determine the cause, particularly in 
patients with less advanced disease. This may reveal a 
condition (e.g. hypertension, reflux) which is susceptible 
to treatment so that progression can be delayed or even 
halted. The cause will to some extent determine the prog- 
nosis and allow planning of the eventual need for renal 
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replacement and, if transplantation is contemplated, of 
the likelihood of recurrent disease in the grafted kidney. 
Finally, the identification of à familial cause (e.g. poly- 
cystic disease) may usefully lead to screening of other 
members of the family. 

Successful treatment of the underlying cause of chronic 
renal failure does not always arrest the progress of the 
condition. Even if the underlying disease has become 
naturally quiescent, the renal failure may progress. Thus 
in renal failure due to glomerulonephritis, a group of 
conditions with an immunological basis, there may be 
no evidence of active immunological disturbance despite 
progressive disease. It appears that, once started, the loss 
of nephrons in chronic renal failure itself contributes 
to disease progression. This conclusion has important 
therapeutic implications and the possible mechanisms 
have been extensively investigated. Whilst a considerable 
amount of information has accrued, most of it has been 
derived from experiments in animals. However, the suc- 
cess of therapeutic manoeuvres based on these observa- 
tions suggests that similar mechanisms are responsible for 
disease progression in man. 


The progression af loss of renal function 


If five sixths of a rat’s renal mass is removed, the animal 
develops proteinuria, hypertension and progressive renal 
failure; glomerular sclerosis is demonstrable in the renal 
remnant. Before hypertension and histological changes 
develop, there is a massive increase in renal blood flow, 
due to a decrease in afferent arteriolar resistance. This 
leads to an increase in capillary hydrostatic pressure, 
increased capillary permeability and passage of macro- 
molecules, including plasma proteins and lhipoproteins, 
through the capillary wall. Some of the protein appears as 
proteinuria but some is scavenged by mesangial cells and 
it is thought that overloading of these phagocytic cells may 
cause functional derangement and cellular proliferation 
and contribute to the glomerular sclerosis. Increased 
numbers of macrophages may liberate growth factors, also 
sümulating cellular proliferation, and direct endothelial 
damage may lead to platelet activation and intraglomeru- 
lar thrombosis with consequent fibrosis and liberation 
of platelet-derived growth factor and other stimulants of 
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cellular proliferation. Experimentally, both a decrease in 
protein intake and the use of hypotensive drugs can retard 
the development of glomerular sclerosis and they are 
important aspects of the management of human renal 
disease. 

Systemic hypertension is common in chronic renal 
disease (though less so if the underlving pathology is in 
the medulla, e.g. reflux nephropathy, than in the cortex, 
c.g. gomerulonephnitis), due to salt and water retennion 
and inappropriate release of renin and thus formation of 
angiotensin IL. This hypertension itself has a harmful effect 
on renal function, by exacerbating the processes described 
above and by causing arteriolar damage and ischaemic 
glomerular sclerosis. 

Chronic renal failure causes hyperphosphataemia and 
the phosphate retention can contribute to further renal 
damage through the precipitation of calcium phosphate in 
the kidneys. Dvyslipidaema is à frequent finding in chronic 
renal disease and the accumulation of lipids in the 
glomeruli is also thought to contribute to the progression 
of renal disease and suggests another possible therapeutic 
manoeuvre which may retard this process. 

In addition to these factors, incidental conditions can 
contribute to the progression of renal failure in patients 
with renal disease (see Table 7.9), As the homoeostatic 
capacity of the kidneys decreases, so the patient becomes 
more susceptible to what might otherwise be easily 
tolerated events. 


The uraemic syndrome 


The clinical syndrome associated with chronic renal 
failure is protean in its manifestations. None is specific to 
the condition but the overall clinical disturbance is char- 
acteristic. Disorders of the cardiovascular, neurological, 
skeletal, gastrointestinal, haematological and immunologi- 
cal systems are of particular clinical importance but any 
system can be affected. The clinical features are summa- 
nized in Table 7.10. Those of particular relevance to the 
clinical biochemist are discussed in detail in later sections. 








These changes result to a considerable extent from 
the effects of the retained ‘uraermic toxins’; no single sub- 
stance is responsible, although some, e.g. parathyroid hor- 
mone, appear to be particularly important. Table 7.11 
indicates some of the roxins that have been identified but 
it should be emphasized that not only is it incomplete, but 
many uraëemic toxins still await identification. In addition, 
deficiencies, e.g. of the hormones erythropoietin and cal- 
cinol, contribute to the uraemic syndrome; while dialysis 
may relieve the clinical features of the syndrome by re- 
moving toxins, those related to deficiencies (e.g. anaemia) 
require treatment by specific supplementation. 
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Climical features 


À comprehensive discussion of the clinical manifestations 
of chronic renal failure is beyond the scope of this chapter. 
In the cardiovascular system, hypertension, congestive 
cardiac failure, pericarditis and accelerated atherosclerosis 
are all frequently encountered. The neurological involve- 
ment can involve the central nervous system (uraermic en- 
céphalopathy) or peripheral nervous system. The skeletal 
features of chronic renal failure (renal osteodystrophy) 
comprise a complex amalgam of osteomalacia, secondary 
hyperparathyroidism, osteosclerosis and osteopenia; they 
largely stem from the impaired production of caicitriol 
(1,25-dihydroxycholecalciferol}, the hormone derived 
from vitamin D, This condition is described in detail in 
Chapter 28. In the gut, hiccoughs, anorexia and gastritis 
can all cause great distress to the patient and gastro- 
intestinal haemorrhage can be life-threatening. 

The anaemia of chronic renal failure is usually normo- 
chromic and normocytic; fragmented (‘burr”) cells may 
be present on the blood film. Inadequate production 
of erythropoietin is undoubtedly the major cause, but 
depression of the erythroid marrow by ‘uraemic toxins’, 
bleeding and haemodilution due to water retention all 
contribute. À multifactorial bleeding diathesis is often 
present, with disturbances of platelet function and of 
coagulation. Depression of both the humoral and cellular 
arms of the immune system are frequent in chronic renal 
failure and patients develop increased susceptibility to 
infection, are more likely to develop cancers and — a 
possible beneficial effect - may experience remission of 
immunologically mediated disease. 


Metabolie and endocrine disturbances in chromic renal failure 
(see also Ch. 19) 


Retention ofnitrogenous waste products Patients 
with chronic renal failure invariably have high plasma 
concentrations of urea and creatinine, but both can be 
affected by extrarenal factors. Thus plasma urea concen- 
tration can be significantly reduced, even in advanced 
disease, by restriction of dietary protein and a sudden in- 
crease may occur if the patient sufiers à gastrointestinal 
haemorrhage. Patients with chronic renal disease often 
have muscle wasting (see below) which results in de- 
creased creatinine production. 

Most patients with chronic renal failure demonstrate a 
linear decrease in glomerular filtration rate (and thus the 
reciprocal of plasma creatinine concentration (1/[Cr],) 
with time) (see p. 127), although the slope of the line is 
very variable even berween patients with the same cause 
of their renal disease, The cause of any departure from 
linearity must always be sought. À decrease in the gradi- 
ent (Fig. 7.5) suggests a decrease in the rate of decline of 
renal function. More frequently, an increase in gradient 
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occurs due to accelerated detenoration of function, some 
causes of which have been given in Table 7.9. 

Hyperuricaemia is usually present in patients with 
Chronic renal failure although the concentration does not 
often exceed 0.6 umol/L and attacks of acute gout are 
rare. 

Sodium and water metabolism  Impairment of the 
kidneys' regulatory function results in defects in both the 
excretory and conservatory mechanisms for sodium and 
water (see Fig. 7.7). 

Thirst and nocturia are common features of chronic 
renal disease, reflecting the diminished capacity to con- 
centraté the urine and loss of the normal diurnal variation 
in urine production. These effects are primarily due to the 
solute load causing osmotic diuresis in the remaining 
functional nephrons, Patients tend not ro complain of 
polvuria; the low GFR sets a low limit on the maximum 
urine volume of not more than about 4L/24h. The 
Capacity to dilute the urine may be preserved after that 
of concentration becomes impaired but in advanced dis- 
case, neïther dilution nor concentration can take place. 
The urine tends to have a fixed osmolality (approximately 
300 mmol/kg) and the patient is at great risk of both 
over- and underhydration if fluid intake is not carefully 
regulated. 

Early in the course of chronic renal failure, normal 
sodium balance may be maintained by increased excretion 
through the remaining functional nephrons. Particularly 
in patients with primary tubular disorders, sodium con- 
servation may be defecuive, leading to sodium depletion 
with clinical evidence of decreased extracellular fluid vol- 
ume. Later, the tendency is to sodium retention, but this 
may not be apparent until the GFR falls below 10 ml/min 
and even then some patients continue to leak sodium. 

Since a fall in extracellular fluid volume can further 
impair renal function, careful attention to the mainte- 
nance of sodium balance is essential in the management 
of patients with chronic renal failure, 
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Fig. 7.7 The renal capability 10 excrete sodium and water in healthy 
mdividuals (light shading) and in patients with severely impaired renal 
function (dark shading}. (Reproduced with permission from ter Wee 

P M. In: Cameron S, Davison À M, Grünfeld I-P, Kerr D, Ritz E (ects) 
1992 The Oxford textbook of chimical nephrology. Oxford University 
Press, Oxford.) 
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Potassium metabolism Potassium balance can 
often be maintained in chronic renal failure until the 
GER falls below 5 mL/min. This is because of an adaptive 
response whercby distal tubular potassium secretion is 
mcreased; the mechanisms include increased aldosterone 
secretion and increased sodium delivery to the distal ne- 
phron, but there is also à poorly understood direct effect 
on POtASSIUEM EXCTCUON, 

Furthermore, colonic potassium excretion, which is net 
usually a major route of potassium loss, becomes quanti- 
tatively important in patients with chronic renal failure. 

Hyperkalaemia tends to occur earlier in patients with 
hyporeminaemic hypoaldostéronism, for example due to 
diabetes, and 1f there is significant acidosis. Ît is a life- 
threatenming complication of chromic renal failure and can 
be precipitated by the imjudicious administration of potas- 
sum of a drug which interferes with potassium excretion, 
for example, potassium-spanng diuretics, angiotensin- 
converting enzyme (ACE) inhibitors or f-adrenergic 
blockers, 

Acid-base metabolism In health, the kidnevs ex- 
crete some 40-80 mmol hydrogen ion per 24h, this being 
the net rate of production on à normal diet, In chronic 
renal failure, renal hydrogen ion excretion is impairéd and 
once the GFRK decreases 10 below about 30 mmaol/L. svs- 
temic acidosis 1s likely to develop. This is despite the fact 
that the pH of the unne can usually be reduced to the 
lowest level achievable in health. The causes of the acido- 
ais are discussed in detail im Chapter 5, but in summary 
are primaniy due to reduced phosphate excretion, which 
diminishes the buffering capacity of the urine, and re- 
duced ammoniagenesis which, albeit indirectiy, also 
decreases renal hydrogen ion excretion. The causes of 
the reduced phosphate excretion are discussed in the next 
section. 

In addition, there is often a partial defect in the reab- 
sorption of filtered bicarbonate, a consequence in part of 
the expanded extracellular fluid volume and in part of the 
increased secretion of parathyroid hormone (see below). 
Severe acidosis 15, however, uncommon in chronic renal 
failure and, despite a continuing positive hydrogen ion 
balance, the blood hydrogen ion concentration tends to 
remain stable for weeks or even months at à time. This 
appears to be due to the extensive buffering of hydrogen 
sons wluch occurs in bone, 

Although the usual acid-base disturbance in chronic 
renal failure is a non-respiratory acidosis, the ability of the 
kidnevs to excrete excess bicarbonate is also décreased 
and patients in whom there 1s excessive non-renal loss of 
acid, for example due to vomiting, may occasionally 
develop alkalosis, 

Calcium, phosphate and magnesium metabolism 
and renal osteodystrophy These topics are reviewed 
in detail in Chapter 28. In essence, chromic renal failure 
leads to a progressive decrease in the synthesis of calcitnol 


from 25-hydroxvcholecalciferol, as à result of both imlibi- 
uon of the enzyme by retaimed phosphate and, in more 
advanced disease, a decreañe in the amount of enzyme as 
the renal mass decreases (an effect that becomes apparent 
as the GFR falls below 60-70 mLl/min), À lack of calci- 
trial leads to décreased absorption of calcium from the gui 
and patients with Chronic renal failure tend anvway to 
have a low dietary calcium mtake. There 15 thus a ten- 
dency to hypocalcaemia which, in health, should be 
corrected by increased secretion of parathyroid hormone 
and mobilization of calcium from bone. In chronic renal 
failure, although che plasma parathyroid hormone (PTH) 
concentration 1s Characteristically increased, often to 
very high levels {secondary hyperparathyroidism), there 
is resistance to its action, probably because of the low 
calcitriol levels, In consequence, plasma calcium concen- 
ration is usually below normal. 

It should be noted that the results of older assays 
for PTH may be misleading, due to metabolism of the 
hormone and selective retention of the biologically in- 
active C-terminal fragment in renal failure. Assays which 
measure only intact PTH are more reliable indicators of 
parathyroid activity. 

As discussed in detail in Chapter 6, hypercalcaemia 
can occur in chronic renal failure 1f parathyroid autonomy 
develops or after successful renal transplantation (tertiary 
hypérparathyrorism). 

Plasma phosphate concentrations are usually normal 
but can be low in early renal failure, Despite a decrease in 
the number of functioning nephrons, the fractional excre- 
ton of phosphate by gach 15 increased due to the para- 
thyroid hormone. In more advanced disease, further 
loss Gf nephrons leads to the characteristic phosphate 
retention. 

Plasma magnesium concentrations tend to be increased 
in chronic renal failure. Although roxic concentrations do 
not occur in uncomplhicated cases, problems have been 
encountered in patients given magnésium salts therapeuti- 
Cally, e.g. as antacids. 

Carbohydrate and lipid rmetabolism lmpaired 
glucose tolerance 1s frequently present in chronic renal 
failure; it appears Lo be due to insulin resistance rather 
than deficiencv, but the méchanisms aré not fully under- 
stood. In patients with insulin-dependent diabetes melli- 
tus who develop renal failure, insulin requirements may 
actually fall as a combined result of decreased carbo- 
hydrate intake (due to anorexia} and decreased clearance 
of insulin. 

From a practical point of view, it should be noted that 
significant absorption of glucose Can take place from 
dialysis solutions (especially during peritoneal dialvsis), 
thus mcreasing insulin requirements. 

Dyslipoprotemaemia is also frequent in chronic renal 
failure. The characteristic changes are an increase in 
plasma tnigiycerides and very low and intermediate 


density (VLDL and IDL, respectively) Hpoproteins, Total 
cholesterol and LDL (low density lipoprotein} concentra- 
üons are usually normal, but high density lhpoprotein 
(HDL) concentrations are reduced, Qualtative changes 
are also présent, with an increase in the proportion of 
small, trigivcenide-rich LDL particles which are beheved 
to be more atherogenuc, These changes can largely be as- 
cribed t6 decreases in the activity of hpoprotein lipase and 
hepatic lipase, both as a consequence of hyperinsulinism. 

Protein metabolism Patients with chromic renal 
failure tend 10 be maldly catabohc, although dis process 
can become accelerated by the development of inter- 
current iliness. Although the hmitation of protein intake 1s 
an important aspect of the conservative management of 
chronic renal failure, it must not be so severe as itself to 
become a contmibutory factor in the loss of body protein. 
Current recommendations are for an intake of approxi- 
matelv 0.6 g'kg body weight, in contrast to thé severe 
restriction of the formerly favoured Giavonetti-type diets, 

In patients being treated with dialysis, account must 
be taken in planning nutnton of the loss of protein and 
amino acids into the dialvsaté, This occurs with both peri- 
toneal dialvsis and haemodialvsis, although the protein 
loss tends vo be larger with the former and may be up to 
40 g/24 h. 

Growth Chronic renal failure is a well-known cause 
of growth failure, There are many contributory causes 
{see Table 19,12, p. 363) including poor nutrition and 
hormonal and metabolic disturbances. Ît 1s difficult to 
achuieve a normal growth velocity with haemodialysis 
or penitoneal dialvsis and even if a child is successfully 
transplanted, réstonng normal renal function, growth may 
still be adversely affected by the use of steroids as 
iMMunOsUuphressants. 

Gonadal function Impaired sexual function is a 
frequent finding in both male and female patients with 
chronic renal failure, In men, erectile impotence is a 
common problem which often persists even after the 
institution of dialysis. Defective spermatogenesis is also 
common. This is associated with high or high-normal 
concentrations of gonadotrophins and decreased levels of 
testosterone, representung primary gonadal failure, Hyper- 
prolactinaemia is often present and may in part explain 
the gonadal hypofunetion. 

Many female pacents with chronic renal failure have 
cligo- or amenorrhoea and cycles are frequentliy anovular. 
As in men, hyperprolactinaemia is common, The pattern 
of gonadotrophin and oestradiol concentrations in the 
plasma suggests a hypothalamic origin. 

Dhaiysis has hittle beneficial effect on sexual dysfuncrion 
but transplantation results in improved function, albeit 
not usually for several months, and fertilty may be re- 
stored im both men and women with chronic renal failure 
if they are successfulls transplanted. 

Thyroïd function The problems associated with the 
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interpretation of tests of dhyroid function in any chronic 
disease are discussed in Chapter 18 and the specific 
problems related to chronic renal function, in Chapter 19. 
Although the results of tests of thvroid function are fre- 
quentiy abnormal in patients with chronic renal failure, 
most patients are chnically euthyroid. There is, however, 
an increased prévalence of goitre in patients with chronic 
renal failure, although not of hypo- or hyperthvroidism, 

The pallor and debiliry of patients with chronic renal 
failure may suggest à diagnosis of hypothyroidism and 
prompt investigation for this condition, Measurements of 
plasma thyroid sumulating hormone (TSH) concentra- 
tion are generally reliable indicators of thyroid status but 
measurements Of thyroid hormones themselves, whether 
total or free, can be misleading. 

Other endocrine disturbances Many other endo- 
crine sbnormalities have been demonstrated in patients 
with chronic rensl failure, including elevated levels of 
gastrointestinal hormones (probably due 10 decreased 
clearance and of little clinical significance), disturbed 
regulation of growth hormone and somatomedin secretion 
and impaired pituitarv-adrénal response to stress. The 
reader is referred to Chapter 19 and the further reading 
list at the end of dhis chapter for further enlighrenment in 
this complex area. 


Management 
Conservatiue management 


This entails measures to attempt to lessen the decline 
in renal function and to prevent the development of 
complications. 

Lessening the decline in renal function Ifthe cause 
of the renal failure can be identified, it should of course be 
treated appropriately. Care must be taken to avoid condi- 
ons which may accelerate the decline in renal function, 
for example, dehydration and infection (see Table 7.9). 
Adequate treatment of hypertension 15 essential, 

Dietary measures are important both in an attempt to 
rétard the progression of disease and in the avoidance 
of complications, Dietary management shouid ideally be 
supervised by a dietitian with special training in the 
management Of renal disease. This person will not only be 
able to advise on an appropriate diet but should be able to 
design one that is acceptabie to the patient, and monitor 
comphance. The best advice is useless 1f it is not heeded. 
The essentials of dietary management include mainte- 
nance of sodium, potassium and water balance, which 
usually entails restriction of sodium and potassium intake 
(together with the use of 1on exchange resins to bind 
potassium in the gut); reduction in phosphate intake (in 
practice, hard to achieve); and dietary protein resimiction 
(to not more than 0.6 g'kg/24 h). 

Experimental work suggests that judicious reduction in 
protéin intake may decrease the progression of chronic 
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renal failure, even when this is well established (plasma 
créannmine concentranon > 400 umol/L.). It may be noted 
that in patients with diabetes mellitus and early renal dis- 
case (as evidenced by microslbuminuna, but before the 
plasma éreatinine becomes raised), there is evidence that 
protein resinicuon (together with treatment of hyper- 
tension and meticulous attention to glycaemic control) 
may actually halt the progression. 

Supplementary vitamins may need 10 be préscnibed 
for both patients treated conservatively and, particularly, 
those on dialvsis, Careful] clinical and biochemical moni- 
toring of nutritional status is essential. Adequate energy 
intake must be maintained (at least 35 kcal/kg/24 h} to meet 
energy requirements and prevent increased catabolism. 

The need for careful attention to sodium and potas- 
sium intake should be obvious from earliér sections. 
There are experimental data to suggest that phosphate 
restriction may slow the décline in renal function. Phos- 
phate restriction 15 also desirable to prevent the develop- 
ment of renal osteodvstrophy, for which purpose the 
maintenance Of plasma phosphate concentration within 
the reference range is the ideal, Although dietary protein 
restniction (see above) usually also entails dietary phos- 
phate resrriction, adequate control may be difficult to 
achieve. It is also important to avoid decreasing calcium 
intake which may contribute to the development of renal 
osteodvstrophy. Formerly, oral aluminium salts were given 
to bind phosphate in the gut and reduce its absorption but 
this carnies a risk of alumminium-induced neuroclogical and 
bone toxicity and should be avoided. The preferred agent 
for thus purpose is now calcium carbonate, but this must 
be used carefully to avoid producing hypercalcaemia. 

Dyshpidsema 1s frequently present in patents with 
chronic renal failure. Apart from the possible deleterious 
cffects on the cardiovascular system, there 1s evidence 
from animal studies that dyslimidaemia may accelerate the 
loss af renal function. It is not known whether this occurs 
in man but the increased cardiovascular risk may justify 
treatment of any dyslipidaemia, certunly with dietary 
méasures and in some cases with drugs. 

Prevention of complications Some of the measures 
that can be used in this context have been mentioned im 
the preceding section. It is essential to avoid déhydration. 
Particular care with fluid balance will be required if à 
patient has abnormal losses, ç.g. because of vomiting, 
diarrhoea or too vigorous treatment with diuretics. Blood 
pressure must be monitored regularly and any hyper- 
tension adequately treated. Any infection, particularly uri- 
nary tract infection, must be treated promptiv, selecring 
non-nephrotoxic drugs. Indeed, all medication must be 
chosen carefully to avoid nephrotoxicity. 

The prevention of renal dsteodystrophy is discussed in 
detail in Chapter 28, The essential measures are preven- 
tion of hyperphosphataernia (see above) and the adminis- 
tration of 1-hydroxvlated metabolites of vitamin D, with 
or without calcium suppléments. 


Recombinant erythropoietin is now available for the 
treatment Of anaemia. Ît is effective and can greatly in- 
créase the wellkbeing of patients with chronic renal failure 
whether treated conservatively or by dialysis, It is, how- 
ever, expensive and care 1s needed with patient selection 
and with monitoring the response to ensure efficient use 
of the drug. 


Renal replacement treatment 


By definition, the patient reaching end stage renal failure 
requires renal replacement treatment in order to survive. 
In the face of such severe loss of renal funcuion, the con- 
servativé measures outhned above will no longer be suffi 
cient to maintain an intémmal environment compatible 
with thé mainténance of vital functions. There are essen- 
tally two options: dialysis (peritoncal or haemodialysis; 
haemofilrration is a related technique) and transplanta- 
aon. These are not exclusive: most patients will néed to 
undergo dialysis until transplantation becomes possible 
and even after operauon, some Will require dialysis until 
adequate graft function is established or may need it 
again, should the graft fail. 

The opumum time to start a patient on dialysis will 
dépend on several factors. Failure of conservative meas- 
ures 10 allow a patient to continue working or the onset of 
major complicauons (pericarditis, neuropathy, encepha- 
lopathy, persistent hyperkalaemia or other life-threatening 
or intolerable features of uracmis) aré indicauons for 
dialvsis;, the GFR at thus one is usually of the order of 
3 mL/mun and the plasma creatinine concentranon 1000- 
1500 umolL. Dialvsis should alhwavs precede renal trans- 
plantation or any other major surgery. 

Ideally the initiation of dialvsis should be a planned 
procedure: haemodialysis requires the establishment of 
reusable access to the circulation, eg. an arteriovenous 
istula or shunt. However, some patients will have their 
first dialysis as an emergency procedure, required because 
of overhydration, intractable hyperkalacmia, etc. 

Haemodialysis ‘The essential principles of haemo- 
diaiysis arc illustrated in Fig. 7.8. The dialyser consists 
of two contiguous compartrnents separated by a semiper- 
meéable membrane. Blood flows through one compart- 
ment and dialysis fluid flows in the opposite direction. 
Waste products diffuse doum the concentration gradient 
from blood to dialysaté, water moves according to the 
relative osmolaltiés of plasma and dialysate, and other 
substances which can pass through the membrane (eg. 
sodium, potassium) do so in relation to their own gradi- 
ents. The most frequentlv employed dialvsers consist of 
an array of hollow fibres with semmipermeable walls, with 
the blood passing through the fibres which are surrounded 
by dialysate, An appropriate extracorporeal Cireuit is re- 
qured and & blood flow of about 200 mL/min is required 
to achieve adequate clearance. 

The composition of the dialysate is similar to that of 
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Fig. 28 The prnaplés of haemaodialves. 


interstitial fluid, but with a lower potassium concentration 
and à higher glucose concentration (to make the fluid 
hypertonic and thus remove water). 

Most patients dialyvse for 12-15 hours per week, 
spread over two or three sessions, at home or in hospital. 
It may be possible to relax the dietary restrictions required 
during conservative management somewhat but while 
more protein (0.8 gkg) may be permitted, potassium, 
sodium, phosphate and water intake will still require 
restriction. 

Clinical assessment provides an important guide to 
the adequacy of dialysis, but is inadequate on its own. 
Measurements of pre- and postdialysis urea and creatinine 
concentrations also have limitations, Manv alrermarive 
méans Of assessment have been studied, of which ‘urea 
kinetic modelling {UKM) is the most widely used, Méas- 
urements of plasma urea concentration are used to calcu- 
late the total urea clearance (K) (residusl clearance plus 
chearance by dialyser, in ml/min). This can be used to 
calculate the function Kr/V, where t is the dialvas time 
in minutes and V the volume of distribution of urea in mL 
(équal to the total body water or 65% of body weight). 
The ideal value of Kt/V is > 1.0. The patients protein 
catabolic rate (PCR), which is derived from the urea 
generation rate and in stable patients is an indication of 
the adéquacy of protein imtake, should be betiveen 0.8 and 
1.2 g'kg body weighu/24 h, However, urea is not an ideal 
marker of renal function, estimates of V may underesti- 
mate true values and the desired clearance and actual 


cléarance achieved may not be the same, Furthermore, 1t 
is not clear whether increasing benefit may result from the 
achievement of higher values of Kr/V. Thus the use of Ki/ 
V to guide dialysis therapy is not as straightforward as it 
might appear. 

Clinical evidence suggests that dialysis 15 adequate 1f 
the patient's plasma urea concentration is kept below 
30-35 mmol/L on a mean protein intake of about 1.1 g/kg 
body weight/day. 

In practice, adequate dialvsis is provided if the overall 
creatininc clearance (C) is 5 mL/nun, where: 


C= (Ky X 1/168) + K, 


K, being the dialvser clearance, t, the dialysis time in 
hours per week and K,, the patient's residual clearance. 

In addition to measurements of renal function, regular 
checks on potassium, phosphate, calcium, alkaline phos- 
phatase, magnesium and albumin are required in patients 
on dialysis. 

Aluminium toxicity, mentioned above in the context 
of the use of dietary alumimium salts to reduce dietary 
phosphate absorption, has been described in patients 
using dialysates based on water containing aluminium. 
Regular monitoring of dialysate and plasma aluminium 
concentrations 1s advisable. 

Haemoñfiltration While in haemodialysis waste 
products are removed by diffusion, in haemoñfiltration they 
are removed by convection. Fluid crosses the filtration 
membrane as a result of the pressure difference. Haemeo- 
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Gitranion membranes are more permeable than those used 
in dialvsis. This has the porential advantage that larger 
molecules (e.g. low molecular weight polypeptides) can be 
cleared from the plasma than is possible with haemodialy- 
sis. À disadvantage is that large volumes of replacement 
flurd are required, There are many other relative advan- 
tages and disadvantages, including cost (haemofilters are 
more expensive), and while haemofiltration is frequently 
used in thé management of acute renal failure it is em- 
ploved, in the United Kingdom at least, in only a minonity 
of patents for long-term renal replacement. 

Peritoneal dialysis In this technique, the semiper- 
meable membrane 15 the peritoneal membrane, Dialysate 
is insulled into the peritoneal cavity through a cannula, 
allowed to equilibraté and then removed. Although inter- 
mittent peritoneal dialysis is possible, more than 40 hours 
treatment per weck is often required, Chronic ambulatory 
pentoncal dialysis, 1 which the process is continuous with 
three or four fluid changes taking place over 24 h, is more 
widely used. Although there are contramdicarions (eg. 
inflammatory bowel disease) and complications (eg. 
infection), this is a widely used technique and has the 
advantage over haemodialysis of not requiring specialized 
equipment and either adaptations to che home or frequent 
visits to the dialvsis centre, 

Renal transplantation In addition to removing the 
réquirement for repeated dialysis, successful transplanta- 
tion removes the restrictions on thé patient’s food and 
fluid intake, The patient will have to take immuno- 
suppressive therapy for life and although this poses some 
risks (increased susceptibility to infection and incidence of 
lymphoproliferative disorders), they can be minimized by 
careful monitoring. including therapeutic monitoring of 
plasma cyclosporm concentranon, Many factors mfluence 
survival but rates continue to improve and l-vear survival 
rates for patients of > 90% and of grafts of > 80% are 
How common. 

Following transplantation, carefu] monitoring 1s re- 
quired to assess graft function, monitor the patients hy- 
dration and to assist the early diagnosis of rejection should 
this occur. Daily measurements are required of urine 
volume, sodium, potassrum and creatininé concentration, 
with a check for proteinuna whuch should be quantitated 
if necessary. Plasma creatinine, sodium, potassium and 
albumin concentranon must be measured, the haema- 
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tocrit and whure blood cell count checked and therapeutic 
monitoring of cyclosporin inmitiated if appropriate. 

The development of acute renal failure in the immedi- 
ate post-transplant period will always raise a suspicion 
of graft rejecuion, but this 15 not the only cause; the possi- 
bilities of urinary tract obstruction, vascular complications 
(e.g. thrombosis) and drug nephrotoxicity must also be 
bomme in mind. Although biéchemmical tests are valuable, 
only histological examination of à biopsy sample Can 
hrmiy establish a diagnosis of rejection. If the patient is 
being treated with cyclosporin, the plasma concentration 
must be measured urgently to exclude nephrotoxicity. 

Once the patient 18 well enough to leave hospital, much 
less frequent monitonng will be required but regular 
assessment of renal function will be necessary for life. 
Phosphate and calcium starus should be checked at each 
clim visit as secondary hyperparathyroidism may take 
voars to regress and there is a danger of hypercalcaerma 
from the combination of high parathvroid hormone con- 
centrations and, now, adequate plasma calciriol concen- 
trauions. If parathyroid autonomy has developed (rertiary 
hyperparathyroidism), parathyroidectomy will be required. 


SUMMARY 


The kidneys have an essential role in the regulation of the 
composition and volume of the body fluids and in the 
excrétion of waste products of metabolism. They also 
have important endocrine functions, They can be affected 
by disease processes confined to the kidneys but they are 
frequentiy affected by primarily extrarenal disease. 

The informed use of biochemucal tests plays an impor- 
tant part in the investigation of renal imtegrity and func- 
uon, although many other types of investigation are also 
used in the investiganon and management of patients with 
renal disease, 

Renal failure can be acute (when it is usually potentially 
reversible) or chronic (when it usually progresses nexora- 
bly to endstage renal failure). In both types, there arc pro- 
found systenuc consequences, Conservative measures are 
important im management but renal replacement trear- 
ment, by some form of dialvsis or haemofiltration, is often 
required. In endstage renal failure, death will ensue unless 
the patient either undergoes successful renal transplanta- 
tion or receives long-term renal replacement treatment. 
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Peter Gosling 


INTRODUCTION 


For over 150 vears protemuria has been recognized as à 
sign of renal disease and à remains the most common 
finding in patients with nephropathy, The application of 
modern analytical techniques to urinary protein measure- 
ment, together with increasing understanding of renal 
pathophysiology, has allowed non-invasive monitoring of 
the kidney to an extent which is not possible for any other 
organ in the body. In the future, assessment of proteimuria 
is likely to extend beyond the role of diagnosis and man- 
agement of renal disease. The unfavourable prognosis for 
Cardiovascular disease of trace proteinuria in population 
studies, the correlation of microalbuminuria with diabetic 
microangopathy, as well as with diabetic nephrepathy, 
and the association of microprotemuria with à variety of 
acute infammatory stimuli such as injury, ischaemia or 
pancreatitis suggest that urinary protein excretion reflects 
not only renal but systemic disease processes. 


THE MECHANISM OF PROTEIN 
CONSERVATION BY THE KIDNEY 


Under normal circumstances the kidnevs receive approxi- 
mately 25%% of the resting cardiac output, which repre- 
sents approximately 1.2 L/min of blood or 650 mL/min of 
plasma. The kidnevs’ capacity to conserve protéin can be 
judged from a simple calcularion, Every 24 hours approxi- 
mately 930 tres of plasma containing about 70 gL of 
protein pass through the kidneys, representing 65 kilo- 
grams of protein, of which less than 100 mg (0.00015%) 
appéar in the urine. 

The filtration process is dependent on adequate renal 
blood flow which is preserved in spite of variations in 
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blood pressure by an autoregulatory system, This mecha- 
mism allows vasodilatation as perfusion pressure falls and 
vasoconstriction as pressure rises, The medistors of this 
process include prostaglandins, kinins and atnal pepudes 
(vasodilators) and angiotensin 11, &-adrenergic hormones, 
thromboxane À,, noradrenaline and vasopressin (vasa- 
constrictors), In addition renal artenoies respond within 
seconds to changes in vessel wall tension; thus when renal 
perfusion pressure rises, vessel wall tone increases and 
conversely when renal perfusion pressure falls abruptly 
there is a compensatory decrease in vessel wall tone. This 
phenomenon is called the myogemc reflex and helps to 
maintain a constant renal blood flow across a range of 
perfusion pressures. 

A minimum intraglomerular pressure, derived from 
the pumping action of the heart, 1s required to overcomeé 
the two main opposing forces to filtration: the colloidal 
oncotic pressure and the hydrostatic pressure of Bowman's 
space. When the renal perfusion pressure fallks below 
50-60 mmbHg then further vasodilatation does not 
occur and renal blood flow declines in proportion te the 
reduction in renal perfusion pressure, 

These mechanisms maintain renal blood flow and 
hence glomerular filtration independentiy of the normai 
fluctuations of blood pressure; whether they become 
overwhelmed when renal perfusion pressure nses above 
normal, such as in hypertension, is not clear. 


The glomerular capillary wall 


Thé glomerular membrane consists of a modified capillary 
wall compnsing endothelium, à cell-less basement 
membrane and an outer speciahized epithehal cell layer 
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fenestration (50—100nm) 


Fig. 8.1 Glomerular membrane structure, Reproduccd with permission from Swenv et al. The 
kidney and its disorders. Oxford: Blackwell Scientific Publicanons, 1989. 


(Fig. 8.1). The endothelial cells are thin and fenestrated 
with 50-100 nm pores, the basement membrane is around 
300-350 nm thick and appears to be a gel-like structure 
containing 3-5 nm long fibrils but no detectable pores. 
Moving from the endothelium across the basement mem- 
brane, the latter can be subdivided respectively into the 
lamina rara interna, lamina densa and lamina rara ex- 
terna, each clearly discernible by electron microscopy. 
The epithelial cell forms numerous foot processes that 
interdigitate and envelop the outer surface of the glomeru- 
lar membrane. The foot processes are separated by slit 
diaphragms about 55 nm in width. 

The whole of the glomerular membrane carries a fixed 
net negative charge which is partly due to a glycosialo- 
protein coat covering both endothelium and epithelium. 
The charge increases in density from the lamina interna 
towards the lamina rara externa with the greatest density 
at the slit diaphragm of the epithelium. 

The glomerular capillary acts as a high pressure filter, 
allowing solvent and low molecular weight solutes to pass 
through freely and excluding macromolecules; the almost 
complete retention of protein by the glomerular mem- 
brane produces the colloidal oncotic pressure which 
must be overcome for filtration to take place. The selectiv- 
ity of the glomerular membrane for protein filtration 
depends on the molecular size, shape and electrical charge 
of individual proteins. 


The theory of molecular sieving 


The size selecuvity of the glomerular membrane is only 
partly consistent with the theory that the membrane con- 
tains pores of definite size which allow selective passage of 


certain molecules. Classic experiments using uncharged 
dextrans revealed their greater glomerular permeabiliry 
compared with anionic proteins of similar molecular 
weight and atomic radü. The pore size of the fenestra of 
endothelial cells is too great to provide a major restriction 
to the passage of most proteins. The lamina rara interna of 
the basement membrane is probably the first impediment 
to confront charged molecules, with the lamina densa pro- 
viding the most effective barrier to macromolecules. Some 
macromolecules accumulate at the slit diaphragms of the 
epithelium where the net negative charge 1s greatest and 
there is evidence that some molecules are pinocytosed by 
the podocytes. 

Different proteins appear to penetrate the glomerular 
membrane to a variable extent related to their molecular 
radius and charge; for example, alburnin (radius 3.6 nm 
and isoelectric point 4.7) is restricted at the larmina rara 
interna, whilst lactoperoxidase (radius 3.8 nm and isoelec- 
tric point 8.0) may reach the slit pores of the epithelial 
cell. 

Despite the protein-retaining properties of the glomer- 
ular membrane, some protein does pass into the proximal 
tubular fluid. In normal man the albumin content of 
glomerular filtrate is probably about 5 mg/L which, with 
a glomerular filtration rate of 180 L/day, represents ap- 
proximately 1 g of albumin presented to the renal tubules 
each day, most of which is reabsorbed. 


Tubular reabsorption of proteins 

Only a very small proportion of plasma proteins filtered at 
the glomerulus reaches the urine. Proteins filtered by the 
glomerulus are generally less than 69 000 Da (Table 8,1). 






Molecular weight Clearance 





(Da) (GER) 
| 18G 150 000 0.01 
Alburin 69 000 0,02 
Arnylase 48 CN) 3 
Myoglobin 17 800 73 


Lysozyme 14 +00 80 


There is some evidence that of the filtered proteins 
which reach the proximal tubule, those with lower mo- 
lecular weights are reabsorbed by different mechanisms 
from those with higher molecular weights. For example, 
although increased amounts of low molecular weight pro- 
teins are excreted in tubular disease, they are absent from 
the urine of patients with massive glomerular proteinuria, 
when the reabsorptive mechanisms for large molecular 
weight proteins such as albumin must be saturated. 

Measurement of the urinary content of low molecular 
weight proteins (< 69 000 Da) such as &,-microglobulin, 
which are normally reabsorbed by the proximal tubule, 
can be used as a sensitive marker of proximal tubular 
function. 

Numeérous experiments have shown that proteins such 
as albumin are reabsorbed in the proximal tubule, La- 
belled plasma albumin appears in vacuoles in tubular 
épithelial cells; the likely mechanism of tubular protein 
reabsorption is pinocytosis at the cpithelial cell membrane. 

Micropuncture studies and studies of isolated proximal 
tubules suggest there are two distinct mechanisms for 
albumin reabsorptuion. The first has a high affimiry but low 
capacity for albumin and probably involves specific albu- 
min-binding receptors in the base of the brush border mi- 
crovill hning the proximal tubule., After binding, albumin 
is engulfed in an endocytic vacuole by the epithelial cell. 
This process is energy-dependent and is near saturation 
at normal rates of albumin delivery to the tubule. 

The second pathway has a high capacity but low affin- 
ity for albumin and involves bulk incorporation of albu- 
min aggrègates into endocytotic vacuoles at the base of 
the microvilhi. This mechanism 1s thought to predominate 
at high protein delivery rates such as in glomerular pro- 
teinuria and since it is non-selective, the relative propor- 
tions of different plasma proteins reaching the urine still 
reflect glomerular selectivity. These two mechanisms help 
to explain how the tubular capacity for albumin reabsorp- 
tion is near saturation in normal subjects, yet in nephrotic 
syndrome the kidney is able to reabsorb and catabolize 
large amounts of filtered albumin. 


Fate of reabsorbed proteins 


The amount of protein reaching the proximal tubule is a 
function of the protein's ability to cross the glomerular 
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membrane and its plasma concentration. After reabsorp- 
tion proteins are catabolized in tubular cells. Under 
normal circumstances the kidney is responsible for about 
10% of albumin catabolism, but this figure can rise to 
60% when there is increased glomerular clearance of albu- 
min such as in nephrotic syndrome, The kidney is the 
major site for the catabolism of immunoglobulin light 
chains. These are readily filtered at the glomerulus and 
over 90% are reabsorbed and catabolized. 


Tubular secretion of proteins 


Proteins that are 100 large to be filtered by the normal 
glomerulus appear in urine either as a result of tubular 
secretion or from desquamation of tubular epithelial cells 
as part of the normal cellular turnover. There is also the 
possibiliry that some large molecular weight proteins enter 
the urine during its postrenal passage along the urinary 
tract. Measurable activities of enzymes such as N-acetyl 
glucosaminidase (150 000 Da), 7-glutamyl transferase 
(120 000 Da) and lactate dehydrogenase (144 000 Da) 
can be found in normal urine. 

There are at least three proteins present in urine which 
are thought to be of renal rather than plasma ongin. Their 
properties are summarized in Table 8.2. 

Tamm-Horsfall glycoprotein is polymeric with a mono- 
meric molecular weight of 7 X 10° Da, comprising 68% 
protein, 31% carbohydrate and 0.,5-1.0% lipid. Tamm- 
Horsfall glycoprotein is secreted from the loops of Henle 
and the distal convoluted tubule. Since its isoelectric 
point is 3.3, it tends to precipitate as a gel during urinary 
acidification, trapping whatever is in the vicinity such as 
albumin, red blood cells, tubular cells or cellular debris. 
Tamm-Horsfall glycoprotein probably has a protective 
role in trapping potentially damaging material in the 
urinary space and microscopic differentiation of the type 
of casts present gives useful information about pathologi- 
cal processes within the kidney, Recently it has been sug- 
gested that Tamm-Horsfall glycoprotein may also prevent 
water reabsorption in the ascending limb of the loop of 
Henle. 

Urokinase is a proteolytic enzyme which converts plas- 
minogen to plasmin which in turn breaks down fibrin. 
Two types of urokinase have been isolated from urine. 
These are immunochemically similar but have differing 
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physical and catalytic properties. Urokinase may have a 
role in removing fibrin from the renal microvasculature 
and possibly in removing urinary casts. 

Secretory IgA is thought to be produced by lympho- 
cytes as a 7S-protein IgA which is transported ro tubular 
epithelial cells where an additional ‘transport protein” is 
added before it is secreted into the tubular lumen. Secre- 
tory IgA may provide a defence against infection. 


URINE PROTEIN CONTENT IN HEALTH 


Following the application of sensitive immunoassays 
to the measurement of urinary proteins, the concept of 
normal urine being prorein-free is no longer tenable, A 
normal adult excretes about 300 mg/24 h of non-dialys- 
able material, of which protein represents approximately 
140 mg/24 h, the remainder being largely aminoglycan 
polymers. Published reference ranges for total urinary 
protein excretion vary considerably with the type of ana- 
lytical method employed. The protein content of normal 
urine is the net result of glomerular filtration, tubular 
reabsorption and tubular secretion. Plasma proteins only 
represent some 25 mg/24 h of total urinary protein, the 
remainder being made up of proteins of renal origin of 
which Tamm-Horsfall glycoprotein is the major contribu- 
tor (Table 8.3). 


Determinants of urinary protein excretion 
Age and sex 


In neonates albumin excretion tends to be higher than 
in older children and adults; this has been artributed to 
greater permeability of the neonatal glomerulus. Total 
urine protein tends to fall after birth and rises with in- 
creasing age reaching adult excretion rates by puberty. 
However, if urinary protein excretion is expressed in pro- 


0,03 (0,02-0,05) 

12.7 (8.0-21.9) 
0,41 (0.290,68) 
0,31 (0.19-0.56) 
0.06 (0.05-0.,06) 
0.18 (up ro 0,42) 
0.22 (0.13-0.38) 
0,20 (0.14-40.29) 
0,51 (0.37-0,61) 
2,46 (1.97-3,01) 
0,34 
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Adapred with permission from Pesce À J, First M L Proteinuris: an 
| Fuegrmed review, List edn. New Yon Marcel Dekker, 1979. 





portion to urinary creatinine the protein/creatinine con- 
centration ratio remains constant from 3-15 years of age, 
since urinary creatinine excretion also rises with increas- 
ing body mass. Of the plasma proteins normally present in 
urine, albumin is in the greatest concentration, In children 
berween the ages of 4 and 16 vears albumin excretion rate, 
corrected for body surface area, rises with age and is 
shightliy higher in girls. Davytime excretion rates are higher 
than during the night and the sex difference disappears 
in overnight collections. There appears to be no sex differ- 
ence in urinary albumin excretion in adults. 


Posture 


In both adults and children ambulatory urine protein 
excretion is higher than overnight or during recumbency, 
with two- 10 ten-fold differences being reported for uri- 
nary albumin. Orthostatic protéinuria in otherwise healthy 
subjects has been the subject of controversy for some 
time, The discussion has been complicated by the variety 
and differing sensitivities of protein assays used. 

Isolated proteinuria of less than 1000 mg/24 h has been 
described in between 0.6 and 9% of healthy young adults 
in the absence of urinary red cells, white cells or casts and 
can be divided into ‘constant’ and ‘postural’ based on its 
persistence after recumbency. Light microscopy of renal 
biopsies of patients with postural proteinuria revealed 8% 
having unequivocal evidence of well-defined disease and 
45% with subtle alterations in glomerular structure, Since 
urinary protein excretion increases in the upright posture, 
it has been suggested that orthostatic proteinuria merely 
represents the crossing of the limit of detection of the 
urinary protein assay in use in patients with low-level 
proteinuria. However, other explanations have been 
proposed including increased venous pressure due to 
prolapse of the kidney or to increased inferior vena Cava 
compression during extreme lordosis on standing. 

The medical management of isolated or postural pro- 
teinuria in an otherwise healthy patient tends to be con- 
servative with annual assessment of proteinuria and renal 
function; biopsy is reserved for the rare patient who has 
evidence of progressive renal impairment, 


Exercise and diurnal varianon 


Exercise-induced proteinuria was discovered over a 
century ago in soldiers after marches or drills. Five- to 
100-fold increases in the excretion of proteins such as 
albuman, transferrin and immunoglobulins have been 
observed following 26-mile marathons, with smaller in- 
creases after less strenuous activities. The pattern of exer- 
cise-induced protéinuria is generally glomerular although 
mixed glomerular and tubular proteinuria has also been 
described which persists for over 3 hours after exercise, 
The reason for exercise-induced proteimuria is unclear but 


some degree of renal ischaemia due to redistribution of 
blood during exercise has been suggested as a possible 
mechanism, 

A large protein meal is associated with an increased 
urinary albumin excretion which appears to be due to an 
associated increase in GER. The lowest and most repro- 
ducible estimates of urine protein excretion are obtained 
from an early morning urine specimen after overnight 
recumbency. 


Pregnancy 


During normal pregnancy the urinarv albumin excretion 
rate gencrally remains within the non-pregnant range, 
although there is some evidence for a small increase in 
albumin excretion during the third trimester which may 
be related to increased glomerular permeability. 


PROTEINURIA IN RENAL DISEASE 


Richard Bright, in 1836, is generally credited with noting 
the association between protéinuria and renal disease. 
Proteinuria remains the most common clinical finding 
in renal disease and quantitation of proteinuria is still 
a valuable rest in monitoring renal function. For adults 
total protein excrenion is normally <150 mg24h and 
< 140 mg/m‘/24 h in children. 

Application of sensitive immunoassay to urinary pro- 
téins has identified a pathological range of proteinuria 
< 500 mg/24 h which is undetectable by semiquantitative 
reagent stick testing, but which is pathologically signifi- 
cant. Assessment of ‘microproteinuria’ has found a place 
in chinical practice in the early diagnosis of diabetic neph- 
ropathy and appears to predict those patients who are 
likely to develop overt nephropathy. Sensitive urine pro- 
téin assays arc also being routinely applied in paediatric 
nephrology. Proteinuria can now be regarded as a con- 
ünuum which extends from the measurablé amount of 
protein normally excreted up to 1000-fold increases found 
in neéphrotic syndrome. 

Conventionally, proteinuria has been classified into 
glomerular proteinuria, tubular proteinuria, nephrogenic 
proteinuria (eg. due to Tamm-Horsfall glycoprotein, 
basement membrane and tubular proteins), proteinuria 
of prerenal origin (e.g. overflow proteinurias such as light 
chain disease, mvoglobinuria, haemaglobinuria, lysozyme 
in leukaemia or amylase in pancreatitis) and postrenal 
proteinuria due to inflammation of the urinary tract such 
as in urinary tract infection. Whilst this may be an over- 
simplification because, for example, glomerular disease 
leading to proteinuria may well have consequences for 
tubular function, it serves as a useful framework. 


Glomerular proteinuria - nephrotic syndrome 
In the normal adult the renal tubule probably reabsorbs 
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about 2600 mg of filtered albumin each day. Thus even 
total failure of the tubular reabsorptive process cannot 
explain albuminuria of more than 3.0 g24 h and losses 
above this amount are usually due to increased glomerular 
permeability associated with glomerular damage. The term 
glomerulonephritis is generally reserved for immuno- 
logically mediated diseases and excludes other conditions 
associated with glomerular damage such as diabetes 
mellitus or amyloidosis. 

Nephrotic syndrome can be defined as protemuria 
severe enough to cause hypoalbuminaemia and oedema, 
The amount of proteinuria varies but is generally > 3,5 g/ 
24 h. However, it should be remembered that the amount 
of proteinuria may lessen due to decreased plasma protein 
concentration or à fall in the glomerular filtration rate. 
Causes of nephrotic syndrome are listed in Table 8.4. 

In addition to the nephrotic syndrome, glomerular 
proteinuria is a feature of several other syndromes of ne- 
phron injury and the severity of proteinuria taken together 
with other clinical findings can allow useful diagnostic 
classification (Table 8,5). 


Mechanisms underlving glomerular proteimuna 


Glomerular injury can occur as a result of both primary 
and secondary renal disease and there is no single 
pathogenetic pathway which will embrace all the possible 
mechanisms. However, since many glomerular diseases 
are immunologically mediated, the immune responses 
leading to glomerular injury and increased glomerular 
permeability Can be considered. 

Glomerulonephritis can be subdivided immunologi- 
cally into conditions mediated by antuibodies against 
agents which are either extrinsic or intrinsic to the kidney. 
Glomerular basement membrane represents an example 
of an intrinsic structural component 10 which antibodies 
can bind, leading to immune complex formation. Extrin- 
sic agents include bacteria (e.g. subacute bacterial endo- 
carditis or streptococcal infections) and DNA (eg. 
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systemic lupus erythematosus). Extrinsic antigens or their 
antigen-antibody complexes can become trapped in the 
glomerulus. 

Irrespective of the source of the antigen, immune 
complexes become embedded in the glomerular basement 
membrane. Immune complexes activate both the classical 
and alternative complement pathways leading to the re- 
lease of anaphylatoxic components such as C3a and C5a. 
Anaphylatoxins, together with locally released kinins, 
prostaglandins and leukotrienes, attract polymorpho- 
nuclear neutrophils to the basement membrane where 
the latter release lysosomal enzymes leading to membrane 
disruption and glomerular proteinuria (Fig, 8.2). 

Light and electron microscopy reveal a gradation of 
morphological changes with increasing glomerular injury. 
Loss of anionic charge associated with fusion of the epi- 
thelial foot processes can produce a massive but selective 
proteinuria, while changes in the basement membrane 
ranging from its exposure to frank discontinuities tends to 
be associated with increasingly unselective proteinuria. 





Histological classificanion of glomerulonephriris 


The classification of glomerulonephritis has traditionally 
been based on light microscopy of renal biopsy material 


Fig. #.2(1) 
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Fig. 8.2 Mechanisms of gtomerular injury induced by circulating immune complexes (CIC) or anti-GBM antibodies are 
depicted schematically. Either CIC or anti-GBM antibodies are deposited in GBM and tubule basement membranes 
(TBM), leading to activation of complement (C) through classical or alternauve pathways (panels 1, 2a, and 2b). As the 
complement sequence proceeds, the generated anaphylatoxic components C3a and C5a result in and 
membrane permeability (panel 3). Together with other, non-complement mediators of the inflammatory response (eg. 
kinins, prostaglandins, leukotrienes), complement chemotaxins serve to attract neutrophils to the site of injury (panel 4}, 
Concurrentiy, monocytes infiltrate and surround the GBM and enter the mesangium, C3b proximity to the GBM surface 
facilitates immune attachment of neutrophils (panel 5), whuch release lysosomal enzymes and disrupt membrane integriry. 
From Wilson C B, Dixon F ]. Immunological mechanisms in nephritogenesis. Hospital Practice April 1979, waich 


permission. 


and the severity of the disease assessed in terms of the 
extent and nature of changes in glomerular architecture. 
Histological classificanion of gdomerulonephritis supported 
by immunofluorescence and electron microscopy data 
remains an essential diagnostic and sometimes prognostic 
tool. À detailed description of the histological patterns of 
glomerulonephritis is beyond the scope of this chapter 
and only a brief overview of the five major histological 
classifications which are found in association with neph- 
rotic syndrome can be given. 

scopy shows little or no abnormality (Fig. 8.3) and there 
are no immunoglobulin or complement components seen 
on immunofluorescence. Electron microscopy shows 
fusion of epithelial cell foot processes. The mechanisms of 
protéinuria probably involve loss of fixed negative charge 
on glomerular membrane. 

In the Western world minimal change glomerulo- 
nephritis, frequently of unknown aetiology, accounts for 
90% of nephrotic syndrome in 2-6 year olds and about 
20% in adults. In children there is massive proteinuria 
which is predominantiy albumin with little or no 
immunoglobulins present. (Such proteinuria is termed 
‘selective’, while a generalized leak of plasma proteins, 
including proteins larger than albumin, is termed 
‘unselective” proteinuria.) 


Because in paediatric practice this form of nephrotic 
syndrome usually responds to a short course of pred- 
nisolone (steroid-responsive néphrotic syndrome) a renal 
biopsy is unnecessary to confirm the diagnosis. The 
absence of serological evidence for complement activation 
gives additional confirmation. In adults the diagnosis is 
more difficult and a renal biopsy is generally needed 
before treatment is started. 

Membranous glomerulonephritis ‘This is the most 
common morphology underlying nephrotic syndrome 
in adults. Light microscopy shows thickening of the 
glomerular basement membrane which is more marked in 
later stages of the disease (Fig. 8.3). Immunofluoresence 
microscopy always shows IgG deposits, and when other 
immunoglobulin classes (e.g. IgA, IgM) are present the 
condition is often secondary to systemic lupus erythema- 
tosus. Electron microscopy shows a progressive thickening 
of the basement membrane. 

Over 80% of patients with nephrotic syndrome present 
with massive proteinuria which is only moderately or 
poorly selective, while the remaining 20% have asympto- 
matic proteinuria or microscopic haematuria. The patho- 
genesis of the glomerular disease is not understood, but 
theories centre on the role of extrinsic antigen deposition 
in the glomerulus with subsequent immune complex 
formation, glomerular trapping of circulating immune 
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Fig. 8.3 Major histological classifications of glomerulonephritis associated with nephrotic syndrome, Reproduced wich 
permission from Sweny Pet al, The kidney and its disorders. Oxford: Blackwell Scieatific Publications, 1589. 
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complexes or antuibodies binding to intrinsic glomerular 
antigens. 

Proliferative glomerulonephritis The term ‘prolif- 
erative’ indicates that the glomeéruli appear hypercelluiar, 
due for example to invading macrophages or mesangial 
cells (Fig. 8.3), Further subdivision is based on the 
site(s) of proliferanion which may include mesangial cells 
(mesangal proliferatve glomerulonephritis}, endothelial 
cells fendocapillary proliferauve glomerulonephnitis) or 
basement membrane {membranoproliferative glomeru- 
lonephntis}. Many different diseases, e.g, bacterial endo- 
carditis, group À streptococcal infections and multisystem 
vascuhtndes, produce a similar histological pattern. ÎIm- 
munofluorescence microscopy generally shows IgGr and 
C3 deposits, and circulating complement concentrations 
are frequently reduced with high concentrations of 
immune complexes present in some conditions. 

About 10%% of panents with nephrotic syndrome show 
histolomcal features of membranoproliferanive glomeru- 
lonéphritis on biopsy (Fig. 8.3). AÏl patents with mem- 
branoprolferative glomerulonephritis have proteinuria 
and microscopic haematuria; approximately 50% of 
patients with nephrotic syndrome present with an 
unselechve proteinura. 

Focal and segmental glomerulonephritis Hyaline 
material is deposited in the subendothehal spaces of 
affected capillary loops of some but not all glomeruli, 
hence the terms focal and segmental. Patients present 
with mild proteinurnia or recurrent haematuris and only 
10-20%% of adults and children have nephrotic syndrome. 
The senology ts not known although some patients have 
evidence of systemic lupus erythematosus, In most cases 
the condition goes into spontaneous remuission, but may 
récur in association with respiratory infections. 

Crescentic glomerulonephritis Bowman’s capsule 
is imfltrated bv a crescent of proliferating cells, probably 
macrophages, which can encircle the whole glomeruius. 
Thé crescents become fibrotic and immunofluorescence 
reveals IgG and C3 deposits when the condition is due 
to antibodies against basement membrane, whilst a variety 
of immunoglobulins may be found if the cause is immune 
complex deposition (Fig. 8.3). 


The relationship between proteinuna and histological 
classification 


Following the introduction of immunochemical tech- 
niques which allowed separate measurement of plasma 
proteins appearing in urine, attempts were made to corre- 
late the pattern of proteinuria with renal histology in 
patients with glomerular protemuna. The concept of ‘se- 
lectivity" was based on the assumprion that under normal 
circumstances the glomerular barrier had a sharp molecu- 
lar size çut-off above which protein molecules were 
excluded, but that in patients with glomerular disease 


there was an increasing tendency to allow large molecular 
weight proteins 10 pass into the tubule, Protein selectivity 
is based on à companson of the relative concentrations 
of proteins of differing molecular weight in plasma and 
urine, Two proteins frequently used for selectivity studies 
are IgG and transferrin. Their relative clearances can be 
calculated as follows: 


Clearance of IgG 
Cléearance of transfemn 


= DS. x (Trans, 
(1gG}, x [Trans], 


where [1gG], = urine IgG concentration 
[Trans}, = plasma transferrin concentration 
[IgG}, = plasma IgG concentration 
[Trans], = urine transferrin concentration, 


Where the selectivity index is > 0,5 the proteinuria is said 
to be ‘non-selective”, 0.3-0,5 ‘moderately selective’ and 
< 0,2 ‘highly selective’. 

Early work seuggested that patients ‘with minimal 
change nephritis showed highly selective protéinuria, 
whilst patients with membranous glomerulonephritis and 
proliferative glomerulonephrinis showed decreased selec- 
tivity: Le. increased concentrations of high molecular 
weight proteins relative to albumin. Other workers con- 
cluded that patients with highly selective proteinuria re- 
sponded well to steroid therapy in contrast to those with 
non-selective proteimuria. 

Considerable controversy ensued with other groups 
finding littke or no correlation berween histological classi- 
fication and the type of proteinuria. Whilst increasing 
glomerular pore size and loss of selectivity may correlate 
with disease severity, two other factors influence the final 
urinary protein content, 

In correlating glomerular disease sevérity with the type 
and magnitude of protemuria, the assumption is made 
that all néphrons behave in a similar way. Histological 
evidence suggests that glomerular disease can be focal 
with some glomeruli apparently being spared. Thus if onty 
oné néphron out of every 10 O0 allowed unrestricted pas- 
sage of large molecular weight plasma proteins, this would 
result in an increase in excretion of large molecular weight 
proteins from 18 to 800 mg/24 h, with the appearance of 
an unselective proteinuria, apparentiy indicative of more 
serious disease, 

In addition to glomerular filtration, renal clearances 
of plasma proteins also reflect tubular reabsorption. If 
the urinary protein content were to represent the overall 
glomerular permesbility, then it must be assumed that tu- 
bular reabsorption is entirely unselective., The profound 
effects small changes in tubular reabsorption can have on 
the relative urinary protein concentrations are illustrated 
in Figure 8.4. 

In conclusion, although the pattern of proteinuria does 
bear some relationship to the severity of disease, the corre- 
lation is not reliable and for this reason selecnivity studies 
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Fig. 8.4 The effect of changes in tubular reabsorprion on the apparent selectivity of proteinuna in glomerular 
disease. Assume that normal gomerular filtrate contains 10 mgL. of albumain and transferrin and that in 
glomerular disease there is a 1000-fold increase in glomerular permeability for both proteins, Small changes in the 
proportion of proteins resbsorbed by the tubule can produce an apparently non-selective proteinuria despite there 
being no change im the ranos of albumin and transfernn filtered at the glomerulus, 


have not found a place in routine clinical practice, The 
histology of a renal biopsy remains a key factor in diagno- 
sis and management of adults with glomerular disease. 
In children renal biopsy is generally reserved for those 
patients who do not respond to steroid therapy. 


Pathophysiological consequences of glomerular proteinuna 


Fhe consequences of the loss of proteins and other plasma 
constituents in the urine as a result of increased glomeru- 
lar permeabiliry are most dramatically seen in patients 
with nephrotic syndrome. 

Hypoalbuminaemia The hypoalbuminaemia found 
in glomerular disease such as nephrotic syndrome cannot 
be explained simply as being due to urinary losses exceed- 
ing hepatic synthesis, since in adults the maximum he- 
patic synthetic capacity for albumin is around 14 g24 h, 
which in theory should replace urinery losses in all but 
the most severcly proteinunc patients. 

In the nephrotic state there is a decrease in the circulat- 
ing albumin pool, hepatic synthesis is generally normal or 
increased and albumin catabolism is increased, partly due 
to urinary losses and partly due to increased endogenous 
catabolism. The site of increased albumin catabolism 
appears to be the renal proximal tubule where much of the 
filtered protein is reabsorbed. The loss of the fixed anionic 
Charge on the glomerular membrane which appears to be 


fundamental to the glomerular proteinuria of nephrotic 
syndrome may also extend to the endothelium of all 
capillaries, leading to a generalized increase in capillary 
permeability to albumin. 

Oedema and salt and water retention Hypo- 
albuminaemia, and the consequent reduction in plasma 
colloidal osmotic pressure, leads to an increase in fluid 
loss from capillaries at their arteriolar ends and a reduc- 
tion in tissue fluid reabsorption distaliy, as predicted from 
the operation of Starling forces. Oedema is due to fluid 
accumulating in the interstitial space. The resulting reduc- 
üon in intravascular volume stimulates the renin-angio- 
tensin-aidosterone system and the release of antidiuretic 
hormone, leading to salt and water retention in an effort 
to restorc the plasma volume. 

Abnormalities of other plasma proteins Patients 
with nephrotic syndrome have changes in the concentra- 
on of circulating clotting factors, resulting in an in- 
creascd risk of thrombus formation including renal vein 
thrombosis, inferior vena cava thrombosis and pulmonary 
emboli. Urinary loss of the natural anticoagulant anti- 
thrombin IIT is probably implicated, together with in- 
creased plasma concentrations of fibrinogen and factors 
V, VII, VIII and X, for reasons which are unclear. 

Urinary loss of vitamin D and vitamin D-binding 
globulin may lead to vitamin D deficiency with low 
plasma jionized calcium, secondary hyperparathyroidism 
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and renal osteodystrophy. Hypochromic microcytic anae- 
mia, resistant to iron supplements, can occur as a result 
of urinary transferrin loss. Patients with nephrotic syn- 
drome also lose immunoglobulins and complement com- 
ponents with attendant increased risk of infections such 
as pleurisy, pneumococcal pneumonia and peritonitis. 

Thyroxine-binding proteins can be lost in the urine in 
néphrotic syndrome, but this does not normally result 
in hypothyroidism. There is a compensatory increase in 
hepatic synthesis of thyroiïid-binding globulin, which to 
some extent offsets the increased loss. Whilst total con- 
centrations Of T4 and T3 may be reduced, reflecting 
reduced circulating thyroid hormone binding proteins, 
concentrations Of free T4 and T3 are generally normal. 
However, occasionally thyroid hormone losses can lead to 
hypothyroid states with elevated TSH. 

Hyperlipidaemia Many patients with nephrotic 
syndrome have massive increases in plasma cholesterol 
and triglyceride concentrations, which correlate inversely 
with the concentration of albumin. Plasma VLDL and 
LDL are increased, due partly to reduced clearance and 
partly to increased hepatic synthesis, while HDL :s re- 
duced due to increased urinary losses. The activities of 
lecithin-cholesterol acyl transferase (LCAT) and the lipo- 
protein lipases are reduced in patients with nephrotic syn- 
drome, vet increased urinary losses of these enzymes have 
not been demonstrated and the underlying mechanism for 
their reduced acuvity 1s not clear. Hepatic synthesis of 
VLDL and LDL seems to be stimulated by the reduction 
in plasma oncotic pressure, since treatment with albumin 
or dextran infusions reduces hepatic lipoprotein synthesis. 
These abnormalities are summarized in Table 8.6. 


Tubular protéinuria 


The discovery that the electrophoretic pattern of pro- 
teinuria differed in glomerular and tubular disease was 
made by Butler and Flynn in 1958. Unlike glomerular 
proteinuria where protein excretion can reach 20 g24h 
and consists mainly of albumin, tubular proteinuria is 








generally less than 0.5 g/24 h. Albumin remains a signifi- 
cant component but proteins of < 60 000 Da predominate 
(Table 8.7). 

Low molecular weight proteins are filtered rapidly by 
the glomerulus and proteins of 15 000 Da enter Bow- 
man's space almost as easily as water and dissolved miner- 
als. Under normal circumstances the majority of filtered 
proteins and other solutes are reabsorbed by the proximal 
tubule, but in renal tubular disease reabsorption of pro- 
tein together with water, ions, glucose and amino acids is 
impaired, The changing ratios of low and high molecular 
weight proteins in glomerular and tubular disease shown 
in Table 8.7 can be explained by considering the renal 
handling of albumin (69 000 Da) and f,-microglobulin 
(11 815 Da). 

Despite the large differences in plasma concentration 
of albumin (40 000 mg/L) and $;-microglobulin (2 mg/L), 
about 2 and 1 mg respectively appear in glomerular 
filtrate, because of the much higher clearance of B.- 
microglobulin. Assuming 180 L of filtrate is produced 
each day, 360 and 180 mg24 h respectively of albumin 
and B,;-microglobulin will be filtered daily. The normal 
daily excretion of B,-microglobulin is 0.1 mg and albumin 
20 mg: 1.e. a rauo of 1:200. If tubular reabsorpuon fails 
completely urinary albumin will rise 10 360 mg/24 h and 
B,-microglobulin to 180 mg/24 h: the ratio now becomes 
1:2. Thus in tubular disease the increase in excretion of 
low molecular weight proteins is far greater than that 
found in larger proteins such as albumin. 


Renal disorders associated toith tubular proteinuria 


Predominantly tubular proteinuria is generally associated 
with tubulointerstitial nephropathy (also known as inter- 
stitial nephritis) which encompasses a large heterogeneous 
group of acute and chronic disorders. The renal inter- 
stitium and tubules are primarily affected, rather than the 
glomeruli or renal blood vessels. However, it should be 
remembered that several types of renal disease can affect 
both glomeruli and tubules, producing both glomerular 
and tubular proteinuria. 

Tubulointerstitial nephritis is classified in Table 8.8. 
Acute tubulointerstitial nephropathies represent inflam- 
mation of the renal parenchymal cells mediated by 
immunological or infectious mechanisms. Drug induced 
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hypersensitivity reactions with fever, rash and eosinophilia 
form a major cause of acute tubulointerstitial nephritis, 
whilst acute inflammatory features are absent in chronic 
tubulointerstitial nephritis, Other than helping to differen- 
tiate glomerular from tubular disease, quantitation of 
proteinuria is generally unhelpful in identifying the cause 
of nephropathy. In addition to tubular proteinuria, acute 
and chronic tubulointerstitial disease can lead to other 
tubular dysfuncuons with loss of water, sodium, potas- 
sium, Calcium, glucose, phosphate, urate and amino acids. 
Bicarbonate wasting can lead to renal tubular acidosis 
(type 2}. Tubular proteinuria together with defective re- 
absorption described above may form part of the Debre- 
de Toni-Fanconi syndrome which can be inherited or 
acquired as a consequence of other inherited metabolic 
defects. 
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Drug and heavy metal induced tubular damage 
In general the renal tubules are susceptible to drug in- 
duced damage because the renal concentrating mecha- 
nism leads to high drug concentrations within the tubules. 
Aminoglycoside antibiotics bind to phospholipids and 
can disrupt cellular membranes. Analgesic drugs such as 
phenacetin or its metabolite paracetamol (acetamino- 
phen) damage tubular cells because they are concentrated 
within the renal medulla, bind to cellular proteins and 
deplete stores of glutathione. Non-steroidal anti-inflam- 
matory drugs (NSAIDs) inhibit the synthesis of renal vaso- 
dilatatory prostaglandins which can lead to unopposed 
vasoconstriction and ischaemia. 

Arsenic, chromium, cadmium, copper, bismuth, mer- 
cury and lead have all been described as causing renal 
injury. Heavy metals react with membrane-bound sulphy- 
drvl groups, altering membrane permeability and causing 
cellular damage. Inhalation of mercury vapour appears to 
cause glomerular proteinuria, whilst ingestion of mercury 
salts can produce combined glomerular and tubular 
proteinuria. Acute lead intoxication in children has been 
reported to produce tubular proteinuria, although patients 
with clinical lead poisoning sometimes have normal pro- 
tein excretion. Cadmium is taken up by renal tubules as 
a metallothionein complex which is more toxic than 
cadmium alone. Increased B.-microglobulin excretion was 
first described in cadmium workers and markers of tubu- 
lar proteinuria are now used to monitor occupationally 
exposed subjects, 


Methods of assessing tubular damage 


Renal tubular function can be assessed in a number 
of ways such as by tests of reabsorption of glucose, phos- 
phate, bicarbonate and amino acids. Discussion here will 
be limited to the use of urinary proteins. 

Measurement of urinary proteins as markers of tubular 
damage falls into two categories: measurement of large 
molecular weight proteins such as enzymes or brush 
border antigens released by the damaged tubule and 
measurement of low molecular weight proteins filtered at 
the glomerulus and normally reabsorbed by the proximal 
renal tubule, 

High molecular weight protein markers of renal 
tubular damage  Several enzymes not normally filtered 
by the glomerulus are released by damaged tubular cells 
and can be detected in the urine. They include lactate 
dehydrogenase, y-glutamyl transferase and alkaline phos- 
phatase, Their use as markers of tubular damage has 
been limited because of their instability in urine and the 
presence of urinary enzyme inhibitors. 

The enzyme most widely employed for monitoring tu- 
bular damage is N-acetyl B-n-glucosaminidase (NAG). 
NAG is a lysosomal enzyme of 150 000 Da which is found 
in high concentrations in the cells of the proximal tubule. 
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Two isoenzymes of NAG are found in urine, one acidic 
and one basic: the acidic form is found in normal urine 
and both are excreted in patients with renal disease. NAG 
has been used as a marker of acute rejection episodes in 
renal transplant patients, although its use has decreased 
following the introduction of more eflectuive immuno- 
suppressants such as cyclosporin. Increased NAG excre- 
tion is found in non-renal disease such as hyperthyroidism 
and in type 1 diabetes (without nephropathy), where uri- 
nary NAG activity returns to normal with insulin therapy. 
Conditions associated with increased NAG excretion are 
given in Table 8.9. 

tubular disease  1deally a low molecular weight protein 
which can be used to monitor tubular damage should 
have the following characteristics: 


® constant plasma concentration; 

© freely filterable by the glomerulus; 

e tubular reabsorption near saturation so that small 
reductions in tubular function result in significant 
urinary excretion; 

e tubular reabsorption unaffected by coexisting 
glomerular proteinuria; 

® stable in urine; 

© casily méasurable, 


It should be remembered that the plasma concentra- 
tion of low molecular weight proteins filtered by the 
glomerulus rises as the GFR falls. Thus in glomerular 
disease the rubules of those nephrons sull functioning are 
presented with an increased low molecular weight protein 
load, The characteristics of some proteins used as tubular 
markers are given in Table 8.10. 

Lysozyme was the first low molecular weight marker of 
tubular function. Urinary lysozyme excretion is increased 
in patients with Fanconi syndrome, but is within normal 
limits in patients with nephrotic syndrome. Plasma lyso- 
zyme is increased in inflammatory conditions and in the 
leukaemias, which makes it of limited value as a tubular 
marker. 

Increased excretion of B,-microglobulin was first 


identified in patients with cadmium poisoning and with 
Wilson's disease. This protein is associated with the 
heavy chain of HLA surface protein on cells and is re- 
leased during normal cellular turnover. Increased plasma 
concentrations are found in patients with liver disease 
and some malignancies such as myeloma and B cell 
lymphomas. 

Although measurement of B.,-microglobulin by radio- 
immunoassay has been widely employed in monitoring 
tubular damage, this protein is unstable in acidic urine 
(< pH 5.5) due to degradation by neutrophil elastase, This 
necessitates strict control of urine pH after collection, 
although little can be done to prevent in vivo degradation 
in the bladder before voiding. 

Retinol binding protein forms an 85 000 Da complex 
with vitamin À and prealbumin in plasma and only a small 
proportion is free to be filtered by the glomerulus. As with 
B,-microglobulin, retinol binding protein is excreted by 
the kidney, and plasma concentration rises with decreas- 
ing GFR but falls in inflammatory disease and in vitamin 
À deficiency. Unlike f;-microglobulin, retinol binding 
protein is more stable in urine. 

Unlike B;-microglobulin, &,-microglobulin is stable in 
urine and since it can be easily measured by immuno- 
chemical assays, it promises to be a more practical tubular 
marker, Plasma o,-microglobulin concentrations are in- 
creased in neoplastic diseases including myeloma and 
reduced in liver disease, but to a lesser extent than f;,- 
microglobulin. 


Proteinuria of prerenal origin 


Proteinuria of prerenal origin has been defined as the 
occurrence of abnormal amounts in the urine of any 
plasma protein filtered by the glomerulus in the absence 
of any glomerular or tubular abnormality, The term is 
usually applied to ‘overflow’ proteinuria such as found 
in Bence Jones proteinuria, haemoglobinuria and myo- 
globinuria where plasma concentrations of these proteins 
are increased, This definition has limitations because 
the very presence of abnormally high concentrations of 
protein at the glomerulus and in the tubular lumen can 
cause glomerular and tubular abnormalities. Furthermore 


it is becoming apparent that non-renal conditions are 
associated with proteinuria which disappears when the 
condition resolves. 


Mvoglobinuria 


Myoglobin is found predominantliy in skeletal and cardiac 
muscle in muscle cells. Any disease which causes rapid 
destruction of striated muscle (rhabdomyolysis) results in 
the release of myoglobin and other muscle proteins into 
the circulation. Having a molecular weight of 17 000 Da, 
myoglobin is filtered rapidly by the glomerulus and has a 
renal threshold of about 15 mg/L.. 

Table 8.11 illustrates the diversity of causes of rhabdo- 
myolysis although a common factor appears to be the 
damaging effects on muscle cells of a failure to meet in- 
creased energy demands. Rhabdomyolysis is associated 
with acute renal failure, but a causal relationship 1s not 
clear. Although myoglobin casts are found in rhabdomyo- 
lysis, infusion of pure myoglobin does not in general cause 
renal damage, suggesting that there are other factors 
which lead to the renal failure in rhabdomyolysis. Purine 
derivatives released from damaged muscle cells are rapidly 
converted to uric acid leading to very high plasma urate 





*Plasma creatinine concentration disproportionately increased 
| compared with GFR 





concentrations and intrarenal urate deposition. Acidosis, 
as a result of the initiating cause of rhabdomyolysis or due 
to the release of organic acids from muscle cells, may 
potentiate the degradation of myoglobin to globin and 
ferrihaemate within the tubule, Ferrihaemate is toxic to 
tubular epithelial cells. Desquamation of tubular epithelial 
cells adds to the tubular obstruction. 


Haemoglobinuria 


Intravascular haemolysis releases haemoglobin into the 
circulation. Haemoglobin, unlike myoglobin, is bound to 
plasma proteins such as haptoglobin. Since haemoglobin 
itself is 68 000 Da and its plasma protein-complexed form 
is even larger, haemoglobinuria does not occur until hae- 
molysis is severe and plasma haemoglobin concentrations 
exceed 1 g/L. As with myoglobin, infusion of pure haemo- 
globin is not nephrotoxic and acidosis and dehydration 
are important factors determining the nephrotoxicity of 
severe intravascular haemolytic episodes. Haemoglobin 
casts are found and ferrihaemate released from degraded 
haemoglobin again induces rubular epithelial cell damage. 
Both myoglobin and haemoglobin possess peroxidase 
activity which gives positive results with reagent sticks. 
Urinary myoglobin and haemoglobin can be separated by 
gel filtration, exploiting the large difference in molecular 
weight, and then estimated spectrophotometrically, but 
this is rarely necessary because other biochemical features 
give strong clues to the diagnosis (Table 8.12). 


Paraproteimaemmas and Bence Jones proteinuria 


Bence Jones proteinuria, the presence in the urine of 
immunoglobulin light chains, is a frequent finding in 
patients with multiple myeloma and may occur with other 
B cell malignancies (Table 8.13). This topic is considered 
in detail in Chapter 27. 

There is an association between the presence of Bence 
Jones protein and the development of renal dysfunction in 
patients with multiple myeloma. Normally, the kidney is 
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the main site for light chain catabolism, but when excess 
light chains are filtered, they are toxic to both the proxi- 
mal and distal renal tubules and probably contribute to 
the development of Fanconi syndrome, renal tubular aci- 
dosis and renal failure in patients with multiple myeloma. 
Patients with light chain proteinuria show increased excre- 
tion of lysozyme, retinol binding protein, B.-microglobulin 
and albumin (with B,-microglobulin excretion being 
higher in À light chain proteinuria), suggesting that these 
proteins compete for common reabsortive mechanisms. 
Light chains can complex with Tamm-Horsfall glycopro- 
tein, producing typical myeloma casts, especially when 
patents are dehydrated and/or acidotic, Partial degrada- 
tion of light chains can cause polymerization and the for- 
mation of amyloid deposits in the glomerular and tubular 
basement membranes, leading to glomerular and tubular 

Qualitative reagent stick tests for proteinuria do not 
detect immunoglobulin light chains and it is essential to 


employ a specific technique to screen for Bence Jones 
proteinuria. 


Microalbuminuria and diabetes mellitus 

Müicroalbuminuria can be defined as an albumin excretion 
rate between approximately 20 and 200 u1gmin (30- 
300 mg24h). Measurement of low level albuminuria 
(microalbuminuria) in the range 20-200 mg/L,, which is 
undetectable by qualitative stick tests, can be used as an 
carly marker of incipient nephropathy in patients with 
diabetes mellitus. 

Approximately 10% of all diabetics develop renal fail- 
ure and insulin-dependent diabetics are more at risk than 
non-insulin diabetics because of the longer duration of the 
disease in the former. Diabetes mellitus can affect the kid- 
ney in a number of ways leading, for example, to glomeru- 
lar disease, infections, obstruction and tubular disease, 
but it is diabetic glomerular disease which is the most 
important, 

In the early stages of diabetic renal disease there is a 
supranormal GFR reflecuing hyperfltration, which may 
bé associated with microalbuminuria. With adequate 
treatment the GFR falls towards normal and micro- 
albuminuria disappears. However microalbuminuria re- 
turns during periods of hyperglycaemia. As the disease 
progresses microalbuminuria becomes persistent and 
occasionally clinical albuminuria (i.e. > 250 mgL) ap- 
pears during periods of poor glycaemic control and after 
exercise. Ir is claimed that at this stage or earlier, overt 
diabetic nephropathy can be averted by careful glycaemic 
control using, for example, continuous subcutaneous 
insulin infusion and by controlling hypertension. By the 
time proteinuria reaches > 0,5 g24 h or more, improved 
glycaemic control is of no avail and GFR decreases inexo- 
rably, leading to endstage chronic renal failure. These 
stages are summarized in Table 8.14. 


PROTEINURIA IN NON-RENAL DISEASE 
The association of proteinuria with non-renal disease such 
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as fever or heart failure has been known for some vears. 
However, the use of sensitive quantitative immunoassays 
for urine proteins, particularly albumin, has lead to the 
finding of a number of other conditions which can lead to 
transitory protéinuria often undetectable by semiquantita- 
tive stick tests. À wide variety of acute inflammatory con- 
diuons, including burn injury, sepsis, trauma, surgery, 
acute pancreanitis and myocardial infarction, produce a 
proportional and reversible increase in urinary albumin 
and IgG excretion (Table 8.15). In most cases, where 
the condition resolves urine protein excretion returns to 
normal. Ît appears that changes in the systemic vascular 
permeability during acute inflammatory episodes are 
amplified within the kidney by the renal concentrating 
mechanism, leading to low level proteinuria. 

Urinary albumin excretion in the normal and micro- 
albuminuric range is proportional to blood pressure in 
hypertensive patients. The mechanism is not clear, but 
albumin excretion may reflect increased intraglomerular 
pressure. 

Postrenal pathology such as uroepithelial bladder 
tumours can be associated with proteinuria which has a 
tubular pattern in the early stages and a predominantly 
glomerular one in more advanced disease. 


CLINICAL INVESTIGATION OF PROTEINURIA 


In many cases proteinuria is first identified by screening 
random urine specimens using a semiquantitative stick 
test. These methods are based on the colour change of 
indicators such as bromophenol blue, which is buffered 
to pH 3.0 with citrate and changes from vellow to blue 
when bound to albumin. Stick tests for albumin are sub- 
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ae: alkaliné urine (eg. due to 
contatmnation with urea-cphitting 
bacterta) 

Contamination with antiseptics 


Very dilute urine 
Out of date reagent sticks 


ject to errors which are summarized in Table 8,16. For 
this reason positive results and unexpected negative re- 
sults should be confirmed in the laboratory by sensitive 
quantitative techniques and related to a timed urine 
collection or expressed as the protein/creatinine ratio to 
correct for variations in urine flow rate. In general, an 
carly morning untimed specimen is preferable since it 
avoids errors in timed collections and variations due to 
posture and exercise. Postural proteinuria can also be 
excluded by repeating the test on an early morning urine 
spécimen. 

The reliable identification of clinical proteimuria should 
be followed up with a thorough clinical examination. 
Particular regard should be given to evidence for diabetes 
mellitus, polycystic disease, hypertension, oedema or 
heart failure. Where proteinuria is confirmed, a stepwise 
approach to establishing the cause of proteinuria can be 
applied, as summarized in Figure 8.5. A full clinical and 
laboratory assessment at this stage will identify the cause 
of proteinuria in the majority of patients. For example, 
clinical proteinuria may be caused by protein leakage from 
inflamed epithelium during urinary tract infections. In 
other patients proteinuria, especially low level prateinuria, 
may be associated with non-renal conditions many of 
which are transient and disappear with the resolution 
of the associated condition (Table 8.15). 

À third group of patients will demonstrate persistent 
asymptomatic proteinuria either in isolation or accompa- 
nied by other urinary abnormalities, Red cells can enter 
urine or filtrate at any point along the urinary tract, lead- 
ing to haematuria. Proteinuria with haematuria or rubular 
cell, granular or leukocvyte casts is likely to originate from 
the nephron. Where red cell casts are also found the 
neéphron can be implicated with more confidence and in 
general indicates more severe renal disease, 

Studies have shown that approximately 70% of patients 
with asymptomatic non-orthostatic proteinuria have ab- 
normal renal biopsies, whilst of those with orthostatic 
asymptomatic proteinuria, between 10 and 50% are 
found to have abnormalities on biopsy. The significance 
of the histological abnormalities is uncertain and the 
prognosis for both groups is excellent. 
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Fig. 8.5 Stepwise investigation of patients with proteinuna. 
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INTRODUCTION 


Most patients with renal disease have some element of 
renal tubular involvement, but the other manifestauons of 
the disease tend to be clinically more obvious and impor- 
tant. However, in a small number of patients, the clinical 
picture results primarily from a disorder of renal tubular 
function, These disorders may be inherited or acquired and 
may affect tubular handling of a limited number of speci- 
fic substances or may encompass more generalized defects. 

These renal tubular defects are conveniently consid- 
ered with renal stone formation, since calculi do at least 
sometimes form as a result of one of these tubular defects. 


RENAL TUBULAR DISORDERS 
Introduction 
Hereditary renal tubular disease includes certain develop- 
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mental disorders of the tubules, for example polycysuc 
renal disease and medullary cystic disease. While these 
can result in disorders of renal function, including renal 
tubular function, they will not be considered in detail 
here. Renal tubular physiology will be briefly discussed, 
followed by a discussion of some well-recognized disorders 
of renal tubular function. 


Physiology 


Renal function has already been outlined in Chapter 7, 
but in essence the process involves filtration at the glom- 
erulus, followed by modification of this glomerular filtrate 
by both tubular reabsorption and tubular secreuon. Since 
170 L of filtrate are formed each 24 h but only about one 
hundredth this amount of urine is produced, reabsorption 
is quantitatively the more significant (Table 9.1). This is 
largely an active, energy-requining process and explains 
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why the kidnevs account for some 6-8%% of the resting 
oxygen consumption of the body, while representing less 
than 1% of body mass. 

Some of the mechanisms by which active transport 
in the renal tubule occurs are shown in Figure 9,1, The 
control of renal tubular handling of certain substances is 
covered in detail in other chapters, for example, sodium 
and water im Chapter 4. Oniy the renal tubular handling 
of substances that are important in disorders @f renal 
tubular funcuion will be considered further here. 

Glucose is absorbed in the early part of the proximal 
tubule with sodium ions, in a secondary active transport 
process, Glucose and sodium bind to a common carrier 
protein in the lumainal membrane and sodium moves 
down its electrochemical gradient, carrying glucose into 
the cell. Na, K°-ATPase in the non-Juminal (basolateral) 
membrane of the tubular ceil pumps the sodium ions 
out into the interstitial fluid, while glucose moves out by 
passive diffusion. 

Amino acids are also reabsorbed in the early part of the 
proximal renal tubule, again by a secondary active trans- 
port system linked to sodium reabsorption, There appear 
to be separate cotransporter proteins for certain groups of 
amino acids, although some of these probably have over- 
lapping specificities. The process is driven by the Na’, 
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Fig. 4.1 


AT Pase in the basolateral membrane pumping sodium 
out of the cell, with amino acids leaving by passive or 
facilitated diffusion. 

Phosphate reabsorpuon in the renal tubule ts influenced 
by the dietary intake of phosphate, certain hormones 
and a variety of other factors, and these are described in 
Chapter 6. However, in summary, about 90%% of the in- 
orgaruc phosphate in the plasma 1s freely filtered at the 
glomerulus (although this decreases as che plasma calcium 
concentration nises) and then about 75% is reabsorbed in 
the proximal tubule. À small, variable amount is also 
absorbed in the distal tubule, but overall reabsorption is 
incomplete and up to 40 mmol/24 h appears in normal 
adult urine. The rate-limiting step in reabsorption appears 
to be a secondary active transport system linked to sodium 
reabsorption, with a phosphate/sodium cotransporter 
lacated in the luminal membrane of the tubular cell. 

Às described in Chapter 5, the renal tubular secretion 
of hydrogen ions 1s hnked to the ‘reabsorpuion” of bicarbo- 
nate. Around 4000 mmol of bicarbonate is filtered every 
24 hours, but normal urine contains virtually no bicarbo- 
nate so the tubules must secrete 4000 mmol of hydrogen 
ions to achieve this. They must also secrete the hydrogen 
ions produced each day in normal metabolism (see 
Ch. 5), a further 40-80 mmol/24 h. 


INTERSTITIAL FLUID 


Active transport mechanisms in the renal tubule. 


There are two distinct mechanisms by which hydrogen 
ions are secreted into the tubular lumen. À secondary 
active transport system linked to sodium operates in the 
epithehal cells of the early tubular segments, so that the 
Na’, K'-ATPase on the basolateral membrane produces 
an électrochemical gradient for sodium to enter the cell 
from the luminal surface, but in contrast to glucose and 
amino acids, a hydrogen ion 1s simultaneously secreted 
into the lumen. Although a very high hydrogen ion gradi- 
ent cannot be achieved, this mechanism is responsible 
for the bulk of hydrogen ion secretion, so that most 
bicarbonate ‘reabsorpuon’ occurs in the proximal tubule. 
There may be other H° secretory mechanisms in the pro- 
ximal tubule, but they do not appear to be quantitatively 
important, 

In the late tubular segments {the late distal tubule and 
the collecting ducts), a completely different mechanism 
for hydrogen ion secretion exists, This is relatively inde- 
pendent of tubular sodiurn content and occurs through 
primary active transport. The ‘intercalated' cells in this 
part of the nephron have a hydrogen ion-transporting 
ATPase on their lumunal surfaces and although thus 
accounts for less than 5% of the total hydrogen ions se- 
creted, 1t is important because it can generate a hydrogen 
ion gradient of almost 1000 to 1. It is this that is respons- 
ible for the final acidification of urine and dictates the 
minimum achievable urinary pH of about 4,5. 


Specific abnormalities of tubular function 
Renal glycosuna 


Giucose is freely filtered at the glomerulus, but is nor- 
mally then réabsorbed in the proximal rubulé so thar it 
is undetectable in urine. If plasma glucose concentrations 
sise or if the glomerular filtration rate increases (as in 
pregnancy), then the capacity of the proximal tubule 16 
reabsorb fltered glucose is excéeded and glycosuria 
OCCUrS. 

Gencrahzed defects in renal tubular function may 
also result in glvcosuria (see later}, but a small group 
of people appear to have an isolated defect of tubular 
glucose reabsorption. They consequently excrete a vari- 
able amount of glucose in their urine at normal plasma 
glucose concentrations, 

The defect seems to be in the Na', p-glucose co- 
transport system, which is present in both the proximal 
renal tubule and the small intestine and which is respons- 
ible for both glucose and galactose absorption, This sys- 
tem is probably heterogeneous, since when the defect 
affects the gut, severe, watérv, acidic diarrhoëea due to 
glucose and galactose malabsorprion occurs together with 
glycosuria, but in the renal form there is glycosuria with 
no effect apparent clinically in the gut. 

Renal glycosuria is less rare than small intestinal glu- 
cose and galactose malabsorption, but is not common. It 
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is inherited in an autosomal recessive manner, although 
there appears 10 bé more than one mutation capable of 
causing the condition, Ir is generally recognized to be a 
benign condition, with no clinical sequelae, 


Amine actdurias 


Amino acids are normally freely filtered at the glomerulus 
and then almost entirely reabsorbed in the proximal 
convoluted tubule, There is à maximal capacity to each 
reabsorptive mechanism and in môst cases of amino 
aciduria some extrarenal disorder leads to accumulation 
of amino acid(s} in the plasma, wluch are then filtered 
in amounts higher than the reabsorptive capacity of the 
tubule, with consequent ‘overflow” amino aciduria. 

Cystinuria Cystinuria is a classic example of an 
amino aciduria due to a true defect in renal tubular func- 
tion, in that the amino aciduria occurs at normal or even 
low plasma concentrations of the amino acids involved. 

In most cases of cystinuria there is renal loss not only 
of cystine but also of the dibasic amino acids ornithine, 
arginine and lysine. There is also an associated failure of 
intestinal absorption of the same amino acids. Inspection 
of their molecular structures (Fig, 9.2) shows that each 
has two amino groups separated by 4-6 bonds, which 
suggests that malfunction of a singie membrane carrier 
protein might explain the disorder. However, the truc ex- 
planation is probably not this simple, since the clearance 
Of cystine may exceed the creatinine clearance, suggesting 
secreuon of cystuine into the tubule, and furthermore since 
dibasic amino acidura (e.g. lysmuric proteim intolerance) 
or Cystinura may each occasionally occur alone. 

The main clinical manifestanon of cystinuria is recur- 
rent urinary tract stone formation, the name ‘cystine’ 
coming from the original (erroncous) assumption that the 
source of these stonces was the bladder. The disease occurs 
with equal frequency in both sexes, although males tend 
to be more severely affected. It may present at any time 
from the Grst vear of life up to the ninth decade, with a 
peak incidence in the second and third decades. 

Cystine stones form readily in acidic urine. They are 
vellow-brown in colour and are radio-opaque because of 
their suiphur content, although there may also be some 
calcium deposiuon 1f there 15 infection secondary to the 
cystuine calcul, They tend to occur as staghorn or multiple 
récurrent stones and often require some form of surgical 
intervention. 

The prevalence of cystinuria varies between racial 
groups and according to whether the figures are taken 
from neonatal amino acid screening programmes or from 
known cystinuric stoncformers, but the overall prevalence 
from the former may be as high as one in 7000, making it 
one of the commonest inherited disorders. The mode 
Of inheritance is autosomal recessive, although in some 
families it appears to be incompletelv recessive, wich 
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Fig. 9.2 Chemical structures of the dihasic amino acids involved in cystinuris. 
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Fig. 9.3 Chemical structures of cystine, cysteine and cysteine-penicillamine. 


heterozygotes excreting more urinary Ccystine, ornithine, 
arginine and lysine than normal, although less than in the 
homozygous state. The intestinal defect appears to cause 
no clinical problems, since cystinuric patients can still 
absorb dibasic amino acids as dipeptides, but in fact it 
has proved useful as a sensitive genetic marker, allowing 
the classification of cystinuria into three subrypes. 

Medical treatment of cystinuria begins with main- 
tenance of a high fluid intake throughout the 24h and 
alkalinization of the urine, both aimed at decreasing the 
chance of precipitation of cystine in the renal tract. If 
these measures fail, then it may be possible to convert 
the cystine to a more soluble compound, most commonly 
by the use of b-penicillamine. This can form the mixed 
disulphide cystéine-penicillamine (Fig. 9.3), which :1s 
significantly more soluble than cystine. Unfortunately, D- 
penicillamine commonly causes an allergic reaction and 
can also cause nephrotic syndrome and pancytopaenia, so 
careful monitoring is essential. 

Occasionally, in spite of both medical and surgical 
treatment of stone formation, cystinuria causes sufficient 
renal damage to result in chronic renal failure, In this 
case, renal transplantation may be effective, since the 
donor kidney should not be affected by the amino acid 
transport defect and should therefore remain disease-free. 

Hartnup disorder À second example of an amino 
aciduria due to a true defect in renal tubular function, 
rather than an ‘overflow’ effect, is found in Hartnup dis- 





order, This is named after the family in which it was first 
described and is again a defect of both renal and intestinal 
amino acid transport. The constant feature is à failure to 
reabsorb the neutral amino acids (Table 9.2) in the renal 
tubule, with their consequent appearance in the urine, 
The failure of reabsorption is not absolute, as renal clear- 
ances of the affected amino acids are generally lower than 
the creatinine clearance. Most affected individuals also 
have increased amounts of indoles (e.g. indican) in the 
urine, which originate from the bacterial breakdown in 
the gut of unabsorbed tryptophan. Rarely, the renal and 
intestinal lesions may each occur alone. 





The original description of Hartnup disease mcluded a 
pellagra-like skin rash, temporary cerebellar ataxia, con- 
stant renal amino aciduria and certain other biochemical 
features. Some affected individuals have also shown psy- 
chotic behaviour, while others have been mentally handi- 
capped (see Ch. 34), The pellagra-like rash and its 
response to nicotinamide suggest that the clinical features 
of the disease may be due to failure to absorb tryptophan 
in the intestine and reabsorb it in the renal tubule, leading 
to a deficiency of micotinamide, However, mvestigation 
of siblings of individuals with Hartnup disease and the 
results of neonatal urine amino acid screening pro- 
grammes both suggest that the typical amino aciduria 
(Hartnup disorder) may exist without the features of 
Hartmup disease, It would appear that Hartnup disorder 1s 
an autosomal recessive inherited disorder, but that this 
is not expressecd as the ‘disease’ without the addition of 
certain other environmental ot genetic influences. The 
“disorder” alone is a bemign condition, both to the indi- 
vidual who inherits it and 10 normal children of affected 
parents. 

Familial renal iminoglvcinuria À further example 
of a specific abnormality in renal tubular reabsorption 
causing à distinct pattern of amino/imino aciduna occurs 
in familial renal iminoglvcinura. Here a common mem- 
brane carrier system for L-proline, hydroxy-L1-proline and 
glycine appears to be at fault, with the consequent appear- 
ance of these substances in the urine. There is probably 
more than one type of transport system for these amino/ 
imino acids, since significant tubular reabsorption still 
OCCUrS. 

The condition, which is benign, is autosomal recessive 
although some heterozygotes are “incomplete and have 
hyperglycinuna. In some but not all homozygotes, an im- 
paurcd intestinal transport of proline can be demonstrated. 

Neonatal screening for amino acidurias suggests that 
familial renal iminoglvcinuria occurs in one in 15 000 live 
births in a Caucasian population, However, it should be 
appreciated that in normal neonates the renal tubular 
reabsorption of proline, hydroxyproline and glycine is less 
efficient than in adults, although imino aciduria normally 
disappears by 3 months and hyperglycinuria by 6 months 
of age. 


Phosphate transport defects 


Specific disorders of renal tubular phosphate handling 
may be inherited or acquired. There is reduced proximal 
tubular reabsorption of phosphate (in particular, the 
TmP/GFR is reduced, as explained in Chapter 6} and 
hypophosphataemia. The normal response to this would 
be an increase in the 1@-hydroxylation of vitamin D and if 
this 15 adequate then the end result is hypercalciuria (with 
an increased risk of renal stones), but no bone disease. 
If che vitamun D response is inadequate, then the result 
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may be bone disease with hypercalciuria (e.g. as in heredi- 
tary hypophosphataemic rickets with hypercalciuria) or 
bone disease alone (eg. X-linked hypophosphataemic 
rickets and oncogenic hypophosphataemic osteomalacia), 
Inherited and acquired forms of hypophosphataemic bone 
disease are discussed further in Chapter 28. 

The phosphate loss and other changes in more general- 
ized forms of renal tubular disorder may also be severe 
enough to cause bone disease (see below}. 


Renal tubular acidosis 


The renal tubular acidoses are à group of hyperchloraemic 
metabolic acidoses which occur secondanils to an abnor- 
mality in unnary acidification. The plasma bicarbonate 
concentration is low, the plasma chloride raised and the 
anion gan normal, in contrast ta the acidosis seen with 
reduction in the glomerular filtration rate in which the 
plasma bicarbonate 1s low, chloride normal and anion gap 
increased. 

Renal tubular acidoses (RT As) are classified according 
to the presumed site of the disorder in hydrogen ion secre- 
üon., In proximal (type 2} RTA, there is a failure in bicar- 
bonate reabsorption, while in distal RTA there is a failure 
in net acid excretion. If hydrogen ion secretion is the sole 
defect in the distal nephron it is known as classic distal 
(type 1} RTA, wheéreas if the defect is more generalized, 
causimg hyperkalaemia as well as acidosis, it is known as 
generalized distal (type 4) RTA. These conditions are 
described in Chapter 5 but the underlying mechanisms 
are briefly summarized again here, together with details 
Of diagnostic tests, Type 3 RTA is a mixture of types 1 
and 2 and is very rare. 

Proximal (type 2) RTA The exact defect which 
prevents adequate hydrogen ion secretion into the proxi- 
mal tubule in rype 2 RTA remains 10 be elucidated, but 
the net effect is that bicarbonate reabsorption is impaired. 
This leads to metabolic acidosis and bicarbonaturia, with 
a decrease in the plasma bicarbonate concentration until 
the filtered load of bicarbonate falls to à point at which 
hydrogen ion secretion is sufficient to ‘reabsorb’ all fil- 
tered bicarbonate. Thus a new steady state is established, 
in which there is a metabolic acidosis with à low plasma 
bicarbonate but no bicarbonaturia, 

Administration of bicarbonate to such patients will 
establish a steady state closer to normal, but quite large 
doses of bicarbonate are required (e.g. up to 20 mmol/kg 
body weight/24 h or more), since as the plasma hicarbo- 
nate rises, so does the magnitude of renal bicarbonate 
loss, Hydrogen ion secrenon in the distal tubule seems to 
be normal and the urine is acidified in response to an acid 
load. 

Proximal RTA may occur as an isolated defect, but 
is more usually part of a generalized defect of proximal 
tubular funcuon, the Fancomi syndrome (see below). 
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Distal (type 1) RTA Às with proximal RTA, the 
exact defect causing inadequate hydrogen ion secretion 
into the late trubular segments has not been defined. 
However, while other distal tubular functions remain un- 
impaired, hydrogen ion secretion is reduced so that 
urinary pH cannot be lowered below 5.5. À resultant 
increase in the exchange of potassium for sodium ions in 
the distal tubule can increase renal potassium losses 
significantly and the condition is often accompanied by 
hypokalaemia. 

Diagnosis depends on the demonstration of an inap- 
propriately high urinary pH (> 5.5) during either sponta- 
neous acidosis or an ammonium chloride loading rest (see 
Appendix, p. 172). Treatment involves potassium supple- 
meéntation together with bicarbonate. Unlike proximal 
RTA, the dose of bicarbonate required is small (e.g. a little 
over 1 mmol/kg body weight/24 h in adults), since there 
is only a minor degree of bicarbonaturia and this does not 
increase as the plasma bicarbonate concentration rises. 

Type 1 RTA may be inheritéd as an isolated defect 
or may be acquired, often as part of a systemic disease 
(e.g. in certain hyperglobulinaemic conditions, in hyper- 
calciuria with nephrocalcinosis and following treatment 
with drugs such as amphotericin B, lithium or analgesics), 

Distal RTA with hyperkalaemnia (type 4) In type 
IV RTA there is a generalized impairment of distal tubular 
function, with decreased tubular secretion of both hydro- 
gen and potassium ions. The hyperchloraemic metabolic 
acidosis of the RTA is accompanied by a relatively severe 
hyperkalaemia. 

The condition may arise due to a lack of mineralocorti- 
coid activity (e.g. in adrenal failure), disease of the kidney 
resulting in impaired production of renin (hyporenin- 
aemic hypoaldosteronism, e.g. in diabetic nephropathy) or 
resistance to the action of mineralocorticoids on the distal 
tubule (e.g. in patients treated with spironolactone). Treat- 
ment of the condition depends on the underlying cause. 


Hereditary renal hypouricaemia 


This is a rare disorder of the renal tubular handling of 
urate, in which there is a net decrease in reabsorption of 
urate, resulting in hypouricaemia and an increased renal 
urate clearance. Plasma urate concentrations are less than 
150 umol/L in men and 126 umol/L in women, when 
measured by a colorimetric method. The condition is 
generally harmless, although some patients also have 
hypercalciuria and about 25% have a tendency to stone 
formation. It is transmitted in an autosomal recessive 
manner and heterozygotes tend to have intermediate 
plasma urate concentrations. 


Generalized tubular defects 
Generalized renal tubular defects rend to occur rogether 


in a distinct syndrome known as the renal Fanconi 
syndrome (which must be distinguished from Fanconi’s 
anaemia, a form of congenital aplastic anaemia). There is 
a failure in net proximal tubular reabsorption of glucose, 
amino acids, phosphate and bicarbonate, with consequent 
glycosuria, amino aciduria, phosphaturia and acidosis, 
together with the development of vitamin D-resistant 
metabolic bone disease, There may also be increased uri- 
nary losses of water and other substances, for example, 
sodium, potassium, calcium, magnesium, urate and low 
molecular weight proteins. The exact mechanism by 
which the Fanconi syndrome occurs is not clear and there 
may be distal, as well as proximal, tubular dysfunction. 

Causes of the renal Fanconi syndrome may be broadly 
divided into inherited and acquired and are listed in Table 
9.3. The most common cause of inherited Fancom 
syndrome in children is cystinosis, an autosomal recessive 
disorder of cystine transport across lysosomal membranes. 
There is accumulation of cystine in the lysosomes of most 
issues, including the kidnev, and in the infantile form of 
the disease the Fanconi syndrome progresses to glomeru- 
lar damage and renal failure during childhood. There is 
no specific treatment, but renal transplantation is particu- 
larly useful when required for endstage renal failure, since 
the transplanted kidney does not have the genetic defect 
and so does not develop cystinosis. 

There is also an adult-onset form of cystinosis in which 
there is no Fanconi syndrome or glomerular impairment 
and an intérmediate form which presents during adoles- 
cence and does eventually lead to renal failure. 

Other inherited metabolic diseases which are associated 
with the Fanconi syndrome are listed in Table 9,3. There 
is also an idiopathic inherited form, but this is a diagnosis 
of exclusion. It is interesting that in inherited metabolic 
diseases for which there is a specific treatment (e.g. avoid- 
ance of lactose and galactose in galactosaemia), the 
Fanconi syndrome resolves on treatment, presumably as 
the concentration of a toxic metabolite goes down. 





Inherited 
niopathic 
oculocercbrorenal (Lonwe) syndrome 
associated with inhenited metabulic discase 
CSC OSES 
fructose intolérance 


glycogen storage diseuse tyne ! 
tyrosinaemia 
Wilson'e disense 


EP | 
exogenous taxins 
heavy metals 
cercain drugs 
paraproteinaemin 
amyhoidosis 


While the inherited diseases associated with the 
Fancon: syndrome tend to present in chldhood, the 
acquired forms tend to occur in adults. These also seem 
to be reversible if exposure ro the causative agent can be 
stopped. 

The clinical features of the Fanconi syndrome tend to 
be rather non-specific and include polyuria, polydipsia, 
dehydration, hypokalaemia and acidosis, with impaired 
growth and rickets in children and osteomalacia in aduits. 

Treatment is primarily directed at the underlying 
cause, but inappropriate renal losses need to be replaced 
(for example with fluids, bicarbonate and potassium) and 
the bone disease treated with phosphate replacement and 
vitamin D. 


RENAL CALCULI 
Introduction 


Stone formation in the urinary tract (urolithiasis) has been 
described since ancient times but in the past, lower uri- 
nary tract stones, particularly those arising in the bladder, 
appear to have been more frequent, engendering a surgi- 
cal enthusiasm for ‘cutting for stone’. In industrialized, 
relatively affluent populations, renal stone formation 
(nephrolithiasis) has increased in frequency, while bladder 
stone formation has almost disappeared as the prevalence 
of malnutrition and infection have decreased. 

However, while the frequency of nephrolithiasis is ac- 
knowledged to be increasing in the Western world, precise 
incidence and prevalence figures have not been well estab- 
lished, Nevertheless, it would appear that as many as 5% 
of the population (possibly even more) will have a climical 
stone event at some time during their lives. Stone forma- 
tion occurs in men about four times as frequently as in 
women and in both sexes tends to be both recurrent and 
unpredictable. 

The clinical effects of stone formation tend to be simi- 
lar whatever the type of stone, but it is apparent that there 
are a number of distinct metabolic derangements which 
each give rise to stones of a characteristic composition. 
The main types of renal stones are listed in Table 9.4 in 
approximate order of frequency of occurrence, and aetio- 
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logical factors in the formation of each are dealt with in 
detail below. 

The classic clinical manifestation of nephrolithiasis 
is renal or ureteric colic. The pain is characteristically 
severe, requiring opiates for analgesia, and is usually 
accompanied by haematuria. However, some stones may 
be discovered incidentally when abdominal X-rays are 
taken for some unrelated reason, and passage of tiny 
stones may only cause minimal discomfort. Investigation 
and treatment of stoneformers is undertaken to prevent 
recurrent stone formation, but general permanent 
intrinsic renal damage does not occur unless there is 
superadded infection in an obstructed kidney. 


Pathogenesis of renal stones 


The role of the kidney in water conservation means that 
it is often necessary to excrete concentrated urine. Since 
some of the other constituents of urine are relatively in- 
soluble in water, to the extent that supersaturated solu- 
tions form, it is not surprising that these constituents 
sometimes crystallize out to form renal calculi. 

Certain factors predispose to this process and chronic 
dehydration, as may occur in hot climates, is one. In- 
creased urinary excretion of certain constituents (e.g. 
hypercalciuria, hyperuricosuria or hyperoxaluria) in- 
creases the likelihood of supersaturation occurning and 
alteration of urinary pH may adversely affect the solubility 
of certain solutes. For example, urate stones are more 
likely to form in an acid urine, whereas alkaline condi- 
tions, as may occur with a urinary tract infection, make 
calcium precipitation more likely. 

These factors are opposed by the presence in urine of 
inhibitors of crystallization (e.g. magnesium, pyrophos- 
phate, citrate and certain glycoproteins), so that crystal 
formation in urine is usually slower than in simple salt 
solutions. 

Each of the types of stone listed in Table 9,4 will now 
be considered in more detail. 


Calcium stones 


Calcium-containing stones form the majority of renal 
calculi and may consist of calcium oxalate, calcium 
phosphate or a mixture of the two. Hyperoxaluria is likely 
to be involved in the formation of pure calcium oxalate 
stones, whereas pure calcium phosphate stones suggest 
either hypercalciuria or a urine which has a higher pH 
than normal for somé reason. 

ja Hypercalciuria is present in around 
30% of patients with calcium-containing stones, although 
the exact prevalence depends on the population studied 
and the upper limit accepted for the reference range (of 
the order of 7.5 mmol/24 h for men and 6.5 mmol/24h 
for women). 
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À minority of hypercalcrunic stoneformers also have 
hypercalcaemia and it is then important to establish a 
cause for this - in this group of patients it is most Hkely to 
be due to primary hyperparathyroidism. 

In patients who are normocalcaemic with hyper- 
calciuria, there mav be a Cause spparent (e.g. shghtlv in- 
creasecd vitamun D activity, renal tubular acidosis, high salt 
intake, excessive glucocorticoid activity, Paget's disease, 
prolonged immobilhization or chronic frusernide therapy) 
but in most patients with nephrolithiasis, normocalcaemic 
hypercalciuria is idiopathuc in ongin. Detailed study of 
the condition suggests it may be due to a vitamin D- 
independent increase in intestinal calcium sbsorption 
or to impaired renal tubular reabsorption of calcium, but 
the precise interaction of the various factors remains to 
be elucidated. 

Hyperoxaluria Until relativels recently it has been 
chfficult to measure oxalate reliably, but it would now 
appear that hyperoxaluria is more important in calcium 
oxalate stone formation than is hypeércalciuria, In most 
instances, hyperoxaluna results from excessive dietary in- 
take or increased intestinal absorption of oxalate, although 
primary hyperoxaluras have been described. 

The upper reference hit for urinary oxalate excretion 
is usually said to be semewhere between 400 and 
500 umol/24h. À dietary excess of oxalate-containing 
foods (e.g, spinach. rhubarb, chocolate} can increase this 
to 700 umol/24 h or even higher, parucularly if the dietars 
calcium content 1s low. 

Increased intestinal absorption of oxalate may occur in 
malabsorption, whatever the cause. Increased amounts of 
unabsorbed fatty acids in thé gut lumen combine with 
calcium, making larger than usual amounts of oxalate 
available for absorption. In addition, exposure of the 
colonic mucosa 10 substances such as fatty acids and bile 
salts, which have detergent properties, may increase 1ts 
permeability to oxalate and further increase the amount 
absorbed. 

Primary oxaluria 15 a rare inherited metabolic disease, 
but must be considered if nephrolithiasis occurs during 
childhood (although a few affected mdividuals do not 
present until aduic life). There is increased synthesis of 
oxalate, with a consequent increase in its urinary excrc- 
tion, together with that of other organic acids. The pattern 
of accompanving organic aciduria has allowed classifica- 
tion into two types. In type 1 primary hyperoxaluria, 
excessive amounts of glyoxvlic and glycolit acids arc 
excreted, whereas in the rarer type 2, excrerion of these 
acids is normal but that of L-glyceric acid is increased. 
The biochemical defect in type 1 is a deficiency of the 
enzyme alanine:glyoxylaté aminotransferase, but in type 2 
the defect has vet to be fully worked out. The inheritance 
of both typés appears 16 be autosomal recessivé and in 
both the 24 hour excretion 6f oxalate 15 of the order of 
1.5-3 mmoil, Besides renal stone formation, there is also à 


tubulointerstitial nephropathy which progresses to chromic 
renal failure. This raisés plasma oxalaté concentrations 
even higher and oxalate déposition in other tissues (e.g. 
myocardium, synovial membranes) may occur, However, 
the condition appears to exhibit marked clinical and 
biochemical heterogeneity. 

Other causes of hyperoxalunia include acute ingestion 
of ethylene glycol, which 15 rapmidiy converted to glycolate 
and can lead to calcrum oxalate crystals forming im the 
renal tubules, and excessive mgestion of vitamin C, which 
seems to lead to increased oxalate formation in some indi- 
viduals. À sindrome of ‘mild metabolic hyperoxaluria’ has 
also been described in adults and pyridoxine deficiency 
causes hyperoxaluria in rats. 

Other factors in calcium stone formation 
Although urc acid can itself form renal stones (see 
below), hyperuricosuria may also contribute to calcium 
stone formation. This may be through heterogeneous 
nucleation following unc acid crystallization or through 
other mechamisms and remains à controversial area. 

Citrate is a recognized inhibitor of calcium stone 
formation and some stoneformers have low urinary 
citrate concentrations. This is particularly so in patients 
with distal renal tubular acidosis, who are already at in- 
creased nsk of calcrum stone formation because of failure 
adequatels to acidify the urine. 

Normal urine also contains a variety of protein-based 
imhibitors of stone formation and it may well be that defi- 
aiencies or defects in these will be found to be the cause of 
some types of stone. 


Iniple phosphate stones 


Friple phosphate stones are composed predominantiy 6f 
mägnesium ammonium phosphate (struvite), with vari- 
able amounts of calcium phosphate as carbonate-apatite. 
They form in the présence of migh urinary concentrations 
of ammonia, bicarbonate and carbonate, which essentially 
means that they only form when the urine is infected with 
urea-splitting bacteria (eg. Proteus, Klebsiella and Psendo- 
monas Spp.). For this reason, and in contrast to other 
types of stones, they occur more frequentis in women 
(and in other people with a predisposition to urinary tract 
infection}, They may also occasionally occur in other 
stoneformers. 


Lfric actd stones 


Hyperuricaemia and gout are discussed in Chapter 29, In 
normal people, the amount of uric acid excreted im the 
urine depends on, amongst other things, the purine con- 
tent of the dier. This makes the definition of a reference 
range rather difficult, particularly since even at ‘normal’ 
cxcretion rates of 3.6-—4.8 mmol/24 h, the urine is super- 
saturated with uric acid and yet most people do not form 


uric acid stones. Stone formation seems to depend on the 
presence of hyperuricosuria (more than 6-7 mmol/24 h) 
together with a tendency towards urine with a mean pH 
that is lower than normal (uric acid 1s less soluble in acid 
conditions). This offers a useful therapeutic intervention, 
in that if alkali is used to maintain the urine pH at around 
6.5, the formation of stones will be prevented (or even 
reversed) in mild hyperuricosuria. More pronounced alka- 
linization of the urine should be avoided, as it increases 
the risk of calcium deposition. Patients with severe hyper- 
uricosuria may need allopurinol to prevent stone formation. 


Cystine stones 


These have already been discussed in the section on 
cystinuria (p. 165). 


Miscellaneous rarines 


Renal stones submitted for analysis may occasionally not 
fall into one of the categories discussed above, Some may 
be entirely unrelated to the renal tract (a manifestation of 
the Munchausen syndrome), whereas others may be from 
the renal tract but not be true stones (e.g. blood clots, 
sloughed papillae, encrusted sutures). However, there are 
a few other inherited metabolic diseases which do result in 
the formation of stones of unusual composition. 

In hereditary xanthinuria there is a deficiency in xan- 
thine oxidase, with the consequent replacement of uric 
acid in the urine by xanthine and hypoxanthine. In about 
two thirds of cases this remains an asymptomatic meta- 
bolic abnormality, usually detected because of very low 
plasma urate concentrations, but in the remaining one 
third xanthine stones form in the renal tract. There may 
also be associated myopathy or arthritis. 

An even rarer subtype of xanthinuria has been de- 
scribed, in which there is deficiency of xanthine oxidase 
together with sulphite oxidase, but here the main clinical 
concern is the neurological symptoms. 

Xanthine stones have also been described in patients 
with normal plasma urate concentrations, who clearly do 
not have xanthine oxidase deficiency. The cause of these 
is unknown. 

Another inherited disorder of purine metabolism asso- 
ciated with renal stone formation is adenine phospho- 
ribosyl transferase (APRT) deficiency. This enzyme is 
involved in the salvage pathway for the purine base ad- 
enine and deficiency results in increased urinary excretion 
of 2,8-dihydroxvadenine. This leads to stone formation in 
most homozygotes, although up to 15% remain clinically 
stone-free. It is worth noting that many of the chemical 
tests used for uric acid also give a positive reaction 
with 2,8-dihydroxyadenine, so uric acid stones discovered 
in childhood are worth reanalysing by a more specific 
technique, 
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Investigation of stoneformers 


The most important investigation in renal stone disease 1s 
analysis of the stone, if it is available. This is generally 
accepted by most writers in the field, even though the 
results of external qualiry assurance surveys in the United 
Kingdom demonstrate that stone analysis is not generally 
well done, However, assuming an accurate result, knowl- 
edge of the stone constituent(s) obviously directs further 
biochemical investigation and monitoring. It is also im- 
portant to continue to analyse the stones if there is recur- 
rence — there may be changes in the constituents which 
would necessitate a change in management. 

Where the stone is not available for analysis, a more 
generalized screening approach has to be taken. This 
remains a controversial arca, but a suggested selection 
of tests is shown in Table 9.5. 


CONCLUSION 


Primary disorders of the renal tubules are not common, 
but biochemical investigations are important in both diag- 
nosing and monitoring them, 

The pathogenesis of renal stone formation is still 
not fully understood, but enough is known for a logical 
approach to be taken in the biochemical investigation of 
stoneformers. This is something which has probably not 
been uniformly well done in the past. 


APPENDIX 
Diagnosis of RTA 


À variety of provocative tests of urinary acidification 
have been used in the investigation of RTAs, but whether 
these can firmly diagnose the rype of defect remains to be 
established. 

In general, hyperchloraemic metabolic acidosis that is 
not explained by bicarbonate loss from the intestinal tract 
should raise the suspicion of a urinary acidification defect. 
The plasma potassium may give a clue as to the type (high 


microbiology (f infection suspected) 
sorcening test for cystiné 


24 h urine 
urine volume 
calctum 
oxalate 
urate 
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in type 4, low in types 1 and 2). The presence of other 
features of the renal Fanconi syndrome suggests type 2 
RTA. The amount of bicarbonate required to correct the 
ackiosis also gives an mdicanon of the type of KRTA (type 
] responding most readily and type 2 least readily). How- 
ever, it may be necessary to confrm the diagnosis by using 
one of the following two tests. 


Urinary acidificarion test 


This can be used to confirm the diagnosis of distal RTA. 
The test is not necessary if the pH of à urine specimen 
collected after an overnmight fast is <5.5, If this is not the 
case, the patient is given ammonium chloride at a dose of 
100 mg/kg body weight. Urinary pH is then measured on 
fresh urine samples at hourly intervals for 8 b. 

In normal subjects, urinary pH should fall below 5.5 in 
at least one sample. In distal renal tubular acidosis this 
does not occur and urinary pH usually remains above 6.5. 


FCURTHER READING 
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Ammonium chloride should not be used in patients 
with liver disease, in whom calcium chloride may be used 
as an alternative acidifving agent. 


Fractional excrenon of bicarbonate 


This test can be used to confirm the diagnosis of proximal 
RTA, as long as the patient's plasma bicarbonate is main- 
tained above 2 mmol/L. 

Plasma and urine samples are obtained and creatinine 
and bicarbonate concentrations measured in each. The 
fractional excretion of bicarbonate is then calculated: 


Urine bicarbonate/plasma bicarbonate 


a Li, 
Urine creatinine/plasma creatinine 


In patients with proximal RT A, the fractional excretion 
is above 10-15%, whereas in most cases of distal RTA iris 
less than 10%. 
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IN FRODUCTION 


Fobd is essential for human life. At the extrèmes, t00 little 
leads to starvation and too much leads to obesity, each 
with its assoctated effects on morbidity and mortality. 
Between these extremes, different people across the worid 
follow apparently very different diets with no cbvious re- 
sulting differences in their day-t0-day health. It is appar- 
ent that in the long term, the composition of the diet has 
an effect on the incidence of certain discases, for example 
ischaemmic heart disease and certain types of cancer, but 
often these associations are difficult to tease out because 
of the many confounding factors imvolved, However, this 
does not prevent very firm opinions being formulated and 
held about what is and what is not ‘good nutrition”, based 
on a variety of influences from basic science to religion. 

Biochemistry clearly has a role in establishing the way 
in which the body uses various nutrients and has been 
important in defining certain deficiency states. Clinical 
biochemistry 1s <0ll important in diägnosing deficiencies 
of certain specific nutrients, but whether there is a good 
biochemical marker of overall nutritional status is less 
clear. This chapter begins with a consideration of the 
various nutrients, including the effects of their deficiency 
or excess, and then discusses nutritional assessment. This 
is followed by a section on nutrition and disease, both 
from the point of view of nutrition as an actiological factor 
in discase, and circumstances where dietary modification 
of nutntional support may be important in treatment. 


NUTRITIONAL REQUIREMENTS 
The ‘correct” intake 


Part of the explanation of the fact that apparently very 
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different diets can sustain life equally well is the concept 
that individual foodstuffs are actually comprised of differ- 
ent combainations of certain basic nutrients, and that it 1s 
the supply of these basic nutrients which 1s important and 
not their origin. However, even when individual nutrients 
are considered, the definition of the ‘correct’ intake is 
problematical since this may be taken, for example, to be 
the intake which avoids clinical signs of deficiency; the 
intake that maintains a given circulating concentration or 
ussue content of the nutrient; the intake which cures 
symptoms or signs of chnical deficiency; thé intake which 
maintains a balance between intake and consumption or 
loss from the body over a defined period, or any one of a 
variety of other definitions. Even if a suitable measure can 
be determined for a specific nutrient, there are further 
problems in setting the absolute figure, since within a 
population, requirements will vary between mdividuals 
(due, for example, to differences in agé, sex, size and body 
composition) and even in an mdimdual requirements may 
vary in the short term (due, for example, to pregnancy, 
illnéss or environmental stress). 

It is thus difficult accurately to estimate average re- 
quirements for a nutrient and most attempts to make rec- 
ommendations about intakes have depended on setting 
levels where most of the population will not be deficient, 
although it is also possible ro define intakes below which 
most of a population will develop deficiency and in some 
cases intakes which are high enough to be toxic. 

These points are covered further in some of the rexts 
listed in the further reading and no attempt will be made 
here to define ideal intakes in absolute terms. Some of the 
terms used to describe nutrient requirements are defined 
in Table 10.1. 
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Créneral term which includes all 
meet thé needs üf almost all 

members of a population. In the 
Department of Heaith and Social 


Security publications: Recommended 
mtahes of murnents for the Unstod 
Kingdom and Recommended daily 
amounts of fond energy and matrients 
Por groups of people in the United 
Kingdom 


Mean roquirement for 
population: about half will need 
more and half less 


Intakes two standard deviatiors 
above (RNT) and below (LRNT) 
thé EAR for a population. 
Assummg individual requirements 
arc normally distributed, these 
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Energy 


The body uses energy in the maintenance of metabolic 
processes, in physical activity and in growth. In the resting 
individual, energy-requiring processes include the active 
pumping of ions across cell membranes, thermoregula- 
uon, cell division and basal function of the cardiorespira- 
tory system. Resting energy expenditure appears to alter 
with energy intake to some extent, Physical activity, par- 
ticularly if vigorous, can increase energy expenditure 
markediy, although such activity is not usually sustained 
for long enough to make the increase substantial when 
measured over a 24-hour period. The laying down of 
new tissues represents an investment of energy, s0 it is not 
surprising that energy requirements, expressed in terms of 
body weight, are highest in infants and voung children, 
with a gradual decline from the third decade into old age. 

Thus the energy requirement of an individual changes 
with body size and composition, sex, age, nutritional 
status and climate. In women, energy expenditure is in- 
creased during pregnancy and lactation and in any indi- 
vidual, iliness (e.g. systemic infection, burns) may cause a 
considerable increase. 

Energy expenditure and energy intake do not always 
rise and fall in parallel. A sustained deficiency in energy 
intake generally leads to consumption of body stores of 





energy, including protein as well as glycogen and fat. 
Excessive energy intake results in obesity. Both of these 
conditions are considered further later in this chapter. 

Dietary energy is mainly obtained from a combination 
of fat and carbohydrate, In a Western diet, each may 
account for 40-50% of total energy intake, although in 
developing countries the proportion from carbohydrate 
ends to be higher and that from far lower, Although di- 
etary protein is generally thought of as a source of materi- 
als (amino acids) for endogenous protein production, it 
may also be used for energy production, for example, 
if protein intake is adequate but non-protein energy intake 
is low. Ethanol also has to be considered as a significant 
energy source in certain populations, e.g. in the UK 
it forms 7% of average energy intake. (Interestingly, at 
higher ethanol intakes - 25-35%% of dietary energy — etha- 
nol appears not to be completely utilized as a source of 
energy, although the reason for this is not clear.) 

Each of the main energy sources is now considered in 
more detail, 


Dietary carbohydrates providing energy include sugars, 
oligosaccharides and starches. Certain other carbohy- 
drates that are not energy sources but form part of ‘dietary 
fibre’ are considered later. 

Sugars may be divided into those that occur naturally 
as part of the cellular structure of foods (intrinsic sugars) 
and those that do not (extrinsic sugars), whether ‘natural’ 
and unprocessed (e.g. honey) or not. À high intake of 
extrinsic sugars, with the exception of milk sugar (lac- 
tose), is associated with an increased prevalence of dental 
caries. 

Starches are @-glucan polysaccharides, of which there 
are two major forms, amylose and amylopectin (Fig. 10.1). 
It appears that in some physical states, starches are able 
partially to resist hydrolysis during digestion and are thus 
not totally available as an energy source, but this is still an 
area of research. 

Certain tissues have an obligatory requirement for 
glucose as an energy substrate (e.g. brain, nervous system 
(in the short term), red blood cells) and while this need 
can be met by gluconeogenesis, some carbohydrate is nec- 
essary in the diet if ketosis is to be avoided. There are also 
good reasons why other sources of food energy (e.g. fat, 
protein, alcohol) should each not form more than a cer- 
tain proportion of total food energy. Carbohydrate is a 
useful way of making up total energy requirements, 
although there does not seem to be an absolute need for 
any individual sugar. 

À deficiency in dietary carbohydrate will either lead to 
energy deficiency or result in harmful amounts of other 
energy sources being incorporated into the diet if energy 
intake is maintained. 


tt = 1, 4 borne 
CH;0H 
H F4 
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Part of an amylopectin motecule 


Fig. 10.1 


Molecular stracture of starches, Amylose is a straight chain glucose polymer with a molecular weight of 


100 QGO0 Da or more and amvylopectn 1s # branched chain glucose polymer with a molecular weight of over 1 mulhon Da. 


Large amounts of starch are not harmful; indeed in 
develoming countries it may form 75-809% of the total 
energy intake. There is considerable debate about whether 
a high iniake of non-milk extninsic sugars may have harm- 
ful effects in addition to the increase in dental caries. If 
such an intake results in an increased energy intake, then 
obesity 15 hkely to be a problem, but in any case ingesaon 
of extremely high amounts of extrinsic sugars can lead to 
raised plasma glucose, insulin and lipid concentrations, ali 
of which are potentially harmful. 


Fat 


he term ‘far inchides à range of substances, mcluding 
triacviglycerols (inglycendes), phospholipids and sterols 
(e.g. cholesterol), Triacylglycerols are the most common 
storage faits and are thus the most important fatiy energy 
source in fouds, They are a relatively ‘concentrated' en- 
ergy source, with a higher energy content per unit weight 
(9,3 kcal/g) than carbohydrate {4.1 kcal/g). Although all 
triacvlglvcerols can act in thus way, there msy be impor- 
tant long-term health differences berween them, depend- 
ent on the structure of the fatty acid residues they contain. 
The main differences are in the length of the carbon 
chain, the presence (and number) of any unsaturated 


bonds and, 1f such bonds are present, the positional and 
geometric isomers present. Some examples of these differ- 
ences are illustrated in Figure 10.2. The effects of exces- 
sive intake of triglycerides contaming these various fatty 
acids are discussed further in the section on nutrition and 
disease (p. 193) and the differences in absorption and 
metabolism berween long chain and medium chain 
trigivcerides in Chapter 11. 

Dietary fat deficiency does not generally seem to 
be a problem, as most fats necessary to the body can be 
endogenously synthesized when a high proportion of total 
energy intake is supplied by carbohydrate, However, there 
are certain fatty acids which appear to be essential, at least 
in small amounts. These are linoleic acid (C18:2, w-6) 
(for nomenclature, see Fig. 10.2) and @-linolenic acid 
(C18:3, w-3). They are important components of phos- 
pholipids, in which they help 160 maintain the function 
of cellular and subcellular membranes. They are also 
involved in the regulation Gf cholesterol transport, break- 
down and excretion. They are the precursors of arachi- 
donmic (C20:4, @-6), eicosapentaenoic (C20:5, &@-3} and 
docoshexaenoic (C22:6, e-3) acids and are thus also 
important in the synthesis of prostaglandins, thromboxane 
and leukotrienes (see Ch. 40), These three longer chain 
fatty acids are not strictly essential fatty acids (EFAs), but 
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SATURATED FATTY ACIDS 

CH (CHo)1a COOH | 
Palmitic (hexadecanoic}) acid (C16 : 0} 
CHa (CH5)18 COOH | 

Stesric loctadecanoic) acid (C18 : 0) 


MONOUNSATURATED FATTY ACIDS 
CHa (CHaybs CH = CHICHylr COOH 
Palmitoleic (A* hexadecenoic) acid (C16 : 1} 


CHa (CHahs CH = CHICHyhs COOH 
Oleic (A* octadecenoic) acid (C18 : 1} 


POLYUNSATURATED FATTY ACICS 


oo — 6 
CHa (CHaha CH = CHCH3 CH = CH(CHz)y COOH 
Linoleic (4912 octadecadienoic}) acid (C18 : 2) 


ww — 3 
a-linolenic (A%72% octadecatrienoic) acid (C18 : 3) 


w — 6 


CH (CHzha CH = CHCH CH = CHCH; CH = CHCH; CH=CHICH2)}sCOOH 


Arachidonic (A5: 8. 11. # gjicosatetraenoic) acid (C20 : 4) 

Fig. 10.2 Molecular structure of some farty acids. The common name 
of each is given with the systematic name in brackets. The sysrematic 
name indicates the number of carbon atoms in the chain (eg. 
octadeca- = 14) and the presence and number of any double bonds 
(e.g. -anoic = 0, -enoic = 1, -<dienoic = 2, -trienoic = 3, etc.). This is 
sometimes abbreviated to (Cx:y), x and v indicating the numbers of 
carbon atoms and double bonds respectively. The numbers following 
the A symbol in the systematic names indicate the positions af the 
double bonds, for example, 4" indicates a double bond between 
carbons 9 and 10, counting the carboxvlic acid carbon as 1. An 
alternative system counts from the methyl carbon to the first double 
bond (eg. «w-3). Most double bonds in naturally occurnng unsaturated 
fatty acids are in the cis configuration, although industrial processing of 
vegetable oils to produce sarurared farry acids (hydrogenation) can also 
cause isomerization to the trans position. 


may become s0 in EFA deficiency. Adequate dietary sup- 
ply of the longer chain fatty acids may also be important 
during rapid brain growth in infancy. 

The clinical effects of EFA deficiency include dermati- 
tis, alopecia and fatty liver, but these are only seen when 
EFAs provide less than 1-2% of total dietary energy in- 
take, In patients receiving long-term fat-free parenteral 
nutrition even cutaneous application of appropriate oils 
has alleviated biochemical EFA deficiency. 


Protein 

Proteins have a key structural and functional role in virtu- 
ally all bodily processes and a supply of appropriate amino 
acids is necessary during normal turnover, with additional 
amounts if extra protein is being formed, e.g. during 
growth, pregnancy or lactation. This supply generally 
comes from dietary protein, of either animal or vegetable 
origin, but the acrual amount of protein required depends 
on its amino acid content. Human protein contains 20 
amino acids (Table 10.2), of which nine are recognized to 
be essential in adults — the remaining 11 can be synthe- 





sized endogenously if the food protein is deficient in these 
but contains sufficient essential amino acids, 

Animal protein (e.g. egg or milk protein) is generally 
“high quality” in terms of its essential amino acid content, 
but individual vegetable proteins tend to be less so, This 
is significant in that plants are an important source of 
protein in developing countries, but by mixing different 
vegetable sources, an amino acid profile can be arrived at 
which is adequate as long as sufficient quantities of the 
various plant foodstuffs are available. 

Deficiency of protein generally occurs as part of more 
generalized malnutrition and is discussed later. Excessive 
protein intake in renal disease accelerates deterioration 
in renal function (see Ch. 7) and it is possible that it 
may have effects in healthy people, for example, on renal 
function or on bone mineral density. 


Vitamins 


Vitamins are organic compounds (or groups of com- 
pounds) which are required in the body in very small 
amounts. [he name derives from ‘vital amine’, which 
does not actually reflect the chemical structure of most of 
them. They are not synthesized in the body, or at least not 
in sufficient quantities, and so there is an essential dietary 
requirement. Some of them may have useful actions at 
intakes above those required to prevent the respective 
classic deficiency states and s0 the potential toxicity of 
each is also discussed below. 

Vitamins are traditionally classified into those that are 
fat-soluble (A, D, E and K) and the remainder, which are 
water-soluble. This is probably still a useful distinction, 
as it predicts when deficiency is likely (e.g. fat-soluble 
vitamins in steatorrhoea), and is retained here, although 
the role of vitamin D in the body is covered in Chapter 6 


and will not be repeated. Since anaermia 1 a common 
finding in gastrointestinal disease, and in order to avoid 
réepetition, the vitamins (B,. and folate) and mineral (iron) 
particularly involved in erythropoiesis are discussed in the 
chapter on malabsorption (Ch. 11). 


Fat-soiuble viramins 


The fat-soluble vitamins À, E and K are structuraily 
different, but are all non-polar, water-insoluble lipids. 
Absorption of each of them requires micelle formation im 
the gut lumen, for which bile salts are necessary. 

Vitarnin À Vitamin À occurs in a variety of forms, 
which can be broadly divided into two groups: preformed 
vitamin À fretinol) and carotenoid pigments which can be 
cleaved in the body to give vitamin À. Preformed vitamin 
À is stored in animal tissues (particularly liver) as retinvl 
esters and so these are the major dietary form, being 
hydrolvsed to retinol in the small intestuine. The most im- 
portant carotenoid in the UK diet is f-carotene, which 
undergoes oxidative fission in the intestine to give retinal 
(Fig. 19.3). Thus 1s the active form of the sitamun in hght 
perception {see below), but it is reduced to reunol for 
transport and storage, 

Not surprisingly, the richest sources of preformed 
vitamin À are liver and fish liver oùls, Ît is also found in 
dairy products and 15 often added to marganne during 
manufacture. (i-Carotene is found in plant foods, for 
example carrots, dark green leafy vegetables, pumpkins 
and mangoes. Although each molecule of f-carotene can 
 theoretically be hydrolvsed to two of retinol, the actual 
vield is much less than this. 
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The best understood of the actions of vitamin A :s 
probably its role in vision, The 11-cis form of retinal is à 
component of the visual pigment rhodopsin, which is 
found in the rods of the retina. Light causes the retinal to 
change vo the 11-rans form (Fig. 10,5} and this triggers a 
seriés of conformational and other changes, the end result 
being that an electrical signal is transmitted to the cortex 
of the brain and is perceived as light. À similar mechanism 
operates in the cones of the retina. Vitatnin À is also nec- 
essary for growth and for normal development and differ- 
entiation of tissues, but the mechanisms by which it does 
this are less well elucidated, It may directiy modulate gene 
expression, and effects on membrane stability and on the 
post-transcriptional modification of certain proteins have 
also been postulated. 

Vitamin À deficiency is common in some developing 
countries, particularly in children, and an early symptom 
is night blindness. However, deficiency also has important 
effects in mucus-secreting epithelia and so there are other 
consequences for the eyes. Keratinizing squamous meta- 
plasia in the conjunctiva causes conjunctival xerosis and 
this may be followed by the appearance of white plaques 
of desquamated thickened epithelium, known as Bitor's 
spots. Similar metaplasia in the cornca can lead to ulcera- 
tion, which may progress to scarring and consequent 
blindness, Changes in other mucus-secreting enithelia, for 
example, in the respiratory and gastrointestinal tracts, 
probably account in part for the lowered resistance to 
infections reported in vitamin À deficiency. 

Acute ingestion of large amounts of preformed vitamin 
À can result in raised intracranial pressure, with head- 
aches, nauses, vomiting and visual disturbances. Chronic 





Fig. 10.3 Structure of viramin À and related compounds. 
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{Vitamin E) 


Fig. 10,4 Structure of a-tocopherol, Ie 15 an alcohol of empirical formula C,H4,0, with à long alkyl tail which 
confers fat solubality. The hydroxyi group gives it its characteristic antioxilant property. 


overdosage causes liver and bone damage (with increased 
bone rescrption sometimes leading to hypercalcaemia), 
hair loss and skin changes. Retinol is teratogenic and 50 in 
the UK pregnant women are advised against self-medica- 
tion and against consumption of hiver and products made 
from it. À high intake of f-carotene results in a vellow 
appearance, but is not usually regarded as harmful. 

Vritarmin E There are eight very similar compounds 
which have wviramin E activity, divided mto the troco- 
pheroïës and the tocotrienols. The most active one ts the 
natural isomer of &-tocopherol and it is this that accounts 
for about 90% of the viramin E present in human tissues. 
Its structure 15 shown in Figure 10.4. It appears to be the 
major lipid-soluble antioxidant in cell membranes, acting 
to prevent the peroxidation of unsaturated fatty acids by 
free oxygen radicals (see Ch. 42). 

The nutrinonal requirèment for vitamin E 1s approx 
mately proportional to the intake of polyunsarurated fatty 
acids. However, since foods rich in these (e.g. vegetable 
otls} also tend to contain large amounts of vitamin E, 
deficiency states are not common. Vitamin E is not easily 
transperted across the placenta and the first vitamin E 
deficiency state ro be firmly established was in premature 
infants, who developed hsemolynic anaemia, thrombocy- 
tosis and ocdema. In children and adults who are unable 
to absorb or utilise vitamin E adequately (for example, 
in cystic fibrosis or abetahipoproteinaermia), a progressive 
spinocerebellar degeneranion may develop. The full syn- 
drome consists of ataxia of the limbs, loss of posiuion and 
vibratory senses, absent deép tendon reflexes and pigmen- 
tary degencration of thé retina. Treatment with vitamin E 
supplements can prevent these neurological features or, If 
they are already present, arrest or even reverse them. 

There is some evidence that increased nssue concentra- 
tions of antioxidants, in particular vitamin E, may protect 
against conditions such as cancer and ischaemic heart dis- 
case, but this remains controversial, Virtamin E supple- 
ments have also been taken to improve general well-being 
and sexual performance, but the only firm conciusion that 
can be drawn is that quite high intakes of vitamin E are 
non-toxic. 

Vitarmin K The structures of the rwo forms of vita- 
min K and two viramin K antagonisrs are shown in Figure 
10.5. Vitamin K is involved in the post-translational 
modification of the blood coagulanon factors Il (pro- 


throminn), VIE IX and X. In prothrombin, à vitamin 
K-dependent enzyme system catalvses the carboxylation 
of the first 10 amino terminal glutamate residues 16 y- 
carboxyglutamate. This carboxylation facilitates the bind- 
ing of calcium, which 1s necessary for prothrombin to bind 
to piatelet phospholignd, which 15 in turn necessary for the 
conversion of prothrombin 16 thrombin in the final com- 
mon pathway of the clotting cascade. À similar process of 
y-carboxylauon occurs in factors VIT, IX and X to form 
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Fig. 10.5 Structure of vitammn K. (phytomenachone) and vitaman 
imenaquinont), together with two vitamin K antagonistes which have 
anticosgulent properhes. 
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sites with a high affinity for calcium, and this is also 
known to occur in some clotting inhibitors (protein € 
and protein S) and in some proteins outside the clotting 
svstem, for example in ostecocalcin, 

The main dierary form of vitamin K is phytomenadioné 
(K.), with leafy green vegerables being the richest source. 
Menaquinones (K.,) produced by the intestinal bacteria 
may also be important, since wlule circulaung vitamin K 
is mainly phytomenadione, hepatic reserves are mainly 
meénaquinonss. 

Vitamin K deficiency in its severest form leads to a 
blecding syndrome, but dietary deficiency 1s rare after che 
first few months of life, unless there is an underlying dis- 
case affecting the absorption or utilization of the vitamin. 
However, vitamin K is undetectable in the blood of new- 
born babies, their hepatic réserves are low compared with 
adults and human breast milk contains barely adeguate 
amounts, Thus deficiencv may occur in infants, either 
presenting within the first week of Kfe as haemorrhagic 
disease of the newborn or presenting later, typically im 
totally breastfed infants during the third to eighth week of 
life. Intracranial haemorrhage is rare in the early form, but 
occurs in more than 50% of babes with the late form and 
is likely to lead to death or severe neurological sequelae. 
Intramuscular injection of 1 mg phytomenadione at birth 
appears to abohish the risk of deficiency, but there is some 
évidence that this might increase the nsk of childhocd 
cancer, Oral supplements seem to be free of this un- 
wanted eflect and lessen the risk of blecding, but do not 
enturely abolish at. 

Toxicity from neturally occurring K vitamins would 
appear to be rare, even in quite high doses, However, the 
use of synthetic preparations of menadione 1s best avoided 
for nutnitional purposes, as serious unwanted effects have 
been recorded (eg. haemolysis and liver damage in 
néonatés). 


arer-soluble srrarmins 


Vitarmin B,, and folate are considered in Chapter 11. The 
remainder of the water-soluble vitamins are polar com- 
pounds which tend to be absorbed rapidly from the upper 
small intestine, In the past this was assumed to occur 
through passive diffusion and this is true for vitamin B, 
and probably for miacim. However, sodium-dependent 
active transport processes have been demonstrated for 
thiamin, pantothenic acid, biotin and vitamin €, while 
riboflavin (wluch is presented to the mucosa in the form 
of coenzymes) undergoes brush border hydrolysis coupled 
to à saturablé active transport mechanism. Dietary defi- 
ciency has been shown to enhance the uptake of thiamine, 
vitamin © and biotin, although there is no evidence for 
thus with the other water-soluble vitamuns. 

Thiamin The physiologcally active form of thiarmin 
(vitamin B,) is thiamin pyrophosphate (TPP). This func- 
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tons as a cofactor in the conversion of pyruvate to aceryl- 
CoA by the pyruvate déhydrogenase complex and in the 
conversion Of 2-oxoglutarate to succnylk-CoÂ by the 
2-oxoglutarate dehydrogenase complex. It also acts as 
cofactor to the enzyme transketolase in the pentose phos- 
phate pathway and plays a part in thé metabolism of 
branched chain amino acids. 

Thiamin is found in most focdsruifs but wheatgerm, 
oatmeal and veast are parucularly nch sources. However, 
the body store of about 30 mg 15 only 30 times the day 
réquirément and s0 an imadequate diet is Hikely to lead to 
deficiency of thiamin sooner than of any other vitamin. 
Thiemin deficiency used to be widespread in areas where 
rice formed a major part of the diet, resulting from the 
consumption of polished rice, that is, rice from which the 
husk containing the thiamin present in the whole gram 
had been removed. In present times thiamin deficiency is 
seen more typically in alcoholics (alcohol decreases the 
absorption of thiamin). Diets high in carbohydrate require 
more thiamun for their assimilation than diets high in fat 
and subclinical deficiency may be unmasked by reteeding 
with a carbohydrate-rich diet. Patients on chromic renal 
dialvsis may become deficient in thiamin (and other 
water-soluble vitamins) unless given supplements. 

Most of the clinical features of the disease beriberi 
réspond to treätment with thiamin, suggesting that it 
is mainly due to thiamin deficiency. Two forms are de- 
scribed, one in which there is peripheral neuropathy, 
muscle weakness, gencral fatigue and reduced attention 
span (‘dry beriber) and one in which there is also 
oedema and heart failure (‘wer’ beriberi). Some of these 
features may be due to coexisting protein deficiency. 

Patients with thiamin deficiency {commonly alcoholics} 
may présent with a neuropathy and cardiomyopathy, 
but may also develop an encephalopathy, the Wernicke- 
Korsakoff syndrome. Wernicke’s encephalopathy and 
Korsakoffs psychosis were originally described as two 
séparate conditions, but now appear to be the acute and 
chronic manifestions, respectively, of a single condition. 
Wernicke’s encephalopathy has an acute onset, with 
ophthalmoplegia, nystagmus, ataxia and stupor or apathy. 
Ir is à medical emergency, the ophthalmoplegia, ataxia 
and lowered consciousness responding in most cases 
within 2 days to treatment with thiamin. However, in 
up to 80% of cases the mental changes fail to resolve 
completely and Korsakoff's psychosis develops. Once es- 
tablished, this responds only slowly or not at all to thiemin 
treatment, The main features are retrograde amnesia, 
difficulty in assimilating new ideas and confabulation. 
Susceptibiity to the development of this syndrome in 
thiarmin deficiency may be greater in people who have a 
genetic variant of transketolase which binds thiamin less 
avidly than usual. 

Thiamin is relatively non-toxic and can be given safely 
if deficiency 1s suspected. However, a wide variety of toxic 
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cffects have been described in adults with chronic intakes 
in excess of 30 mg'kg body weight or 3 g/24 h. 

FRiboflavin KRiboflavin is a constituent of the two 
flavins found in flavoproteins, flavin mononucleotide 
(FMN) and flavin adenine dinucleotide (FAD). each of 
which acts as an electron carrier in many vital biological 
oxidoreduction systems, Climcal rnboflavin deficiency 1s 
rare in Countries where mulk 15 à regular part of the diet. 
Offal is another rich source, 

The chnical features of riboflavin deficiency recorded 
in volunteers on à riboflavin-deficient diet include angular 
stomatins, cheilosis, atrophic lingual papillae, glossitis, 
magenta tongue, seborrhoeic skin lesions, surface lesions 
of the genitalia and vascularization of the cornea. The 
biochemical basis of these clinical manifestanions is not 
immediately obvious and it may be that nboflavin defi- 
ciency has effects on the metabolism of other nutnents, 
for example, pyridoxine, iron and folate. 

Riboflavin absorption from the gastrointestinal tract is 
limited, so toxic effects do not occur even when the oral 
intake is very high. 

Niacin ‘Niacin' is sometimes used to mean both 
nicotinic acid and nicotinamide and sometimes to mean 
just one or other of them; because of this imprecision the 
term will not be used further here. 

Nicotinamide is à constituent of nicotinamide adenine 
dinucleotide {NADY}) and its phosphate (NADP"). These 
are involved in a large number of oxidoréduction reactions 
in both cytosol and mitochondria, undergoing reversible 
reduction to NADH and NADPH in the same way. 
The major role of NADH is to transfer electrons from 
metabolic intermediates into the electron transfer chain, 
while NADPH acts as a reducing agent in a large number 
of Mmosynthetic processes. NAD° and NADP"' are com- 
monly referred to as coenzymes, but are probably better 
considered as truc substrates. 

Nicotinamide and its precursor nicotinic acid are both 
plentiful in animal and plant foods, although in some 
plant sources, for example maize, they are in a bound 
form and biologically unavailable. In man a small amount 
is also formed in a minor pathway of tryptophan catabo- 
lism, via kynurenine to nicotinate, and it is commeoniy 
accepted that 60 mg of tryptophan is equivalent to 1 mg 
of dietary nicotinamide or nicotinic acid. Both dietary and 
endogenous sources appear to be relatively important, 
since the deficiency state, pellagra, may occur when either 
is decreased. Simple dietarv deficiency 1s now rare unless 
maize forms the main dietary constituent, but may be à 
complication of therapeutic low protein diets. Decreased 
formation from tryptophan may occur where there 1s 
coexisting pvridoxine or riboflavine deficiency, since 
kynureninase and kynurenine hydroxylase are both de- 
pendent on these. Oestrogens also decrease the rate of 
tryvptophan metabolism, so premencpausal women are 
more susceptible than men to borderline dictary defi- 


ciency. In Hartnup disease there is decreased tryptophan 
absorption from the gut and in carcinoid syndrome 
there is increased usage of tryptophan in the synthesis of 
large amounts of 5-hydroxytryptamine — both conditions 
are therefore particularly susceptible to decreases in 
nicotinamide and nicotinic acid intake. 

The initial features of pellagra are non-specific {wcak- 
ness, lassitude, anorexia and indigestion}, but arc followed 
by pigmented dermatitis in areas of skin exposed to 
sunlight, diarrhoca with widespread inflammation of 
epithelal surfaces and dementia, which may be preceded 
by irmitability and depression. 

Nicotinic acid is sometimes used in high doses for the 
treatment of combined hyperlipidaemia and the adverse 
éflects are known to include flushmg, hepatotoxicity, 
hyperunicaermia and impaired glucose rolerance, The main 
cffect of a slightly increased intake of nicotinic acid, nico- 
ünamide or tryptophan appears to be an increase in the 
uninary excretion Of their metabolites. 

Vitamin H, Pyndoxal, pyridoxmne, pyridoxamine and 
their 5 -phosphates (Fig. 10.6) are interconvertible in the 
body and all have viramin B, activity. Pyridoxal phosphate 
is a cofactor for over 60 enzymes which catalyse reactions 
of amino acids and 50 the absolute requirement 1s related 
to the rate of amino acid metabolism, Primary dietarv de- 
fciency of viramin B. is rare, since it is widely distributed 
in foods (although in some vegetable sources it may be 
present in à biologically unavailable glycoside form), body 
stores of the vitamin are reasonable and it is synthesized 
by intestinal flora. The first defimite cases of deficiency 
described were in infants fed a milk preparation which 
had been overheated during manufacture, destroving 
much of the vitamin B,. Some {but not all) of the infants 
developed neurological symptoms, including convulsions, 
which responded to vitsmin B, supplements, Human vol- 
unteers and animals fed a B, deficient diet develop neuro- 
logical symproms together with changes in the mouth and 
skin. The changes in the nervous system are presumably 
due to the role of vitamin B, in the metabolism of neuro- 
transmitters. Certain drugs are known to interfere with 
vitamin B, metabolism, for example hydralazine and pemi- 
cillamine, and the peripheral neuropathy associated with 
high dose isoniazid is preventable with pyndoxine. 

Pharmacological doses of pyridoxine may be useful in 
certain conditions, for example hypochromuic sideroblastic 
anaemis, but in others (e.g. prermenstrual tension) the 
evidence for benefit is less good and in very high doses 
pyridoxine may itself cause à severe peripheral sensory 
neuropathy. 

Pantothenic acid Pantothenic acid 15 a Constituent 
of the coenzyme À molecule and is thus involved in many 
major metabolic pachwavs. Ir is also present (not as part of 
coenzyme À) in fatty acid synthase, 

The name means ‘available everywhere" and this re- 
flects its distnbution in focds. Particularls rich sources 
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Fig. 10,6 Structures of vanous formes of viiamun 4, 


include liver, meat, cereals, milk, egg volk and fresh 
vegetables. Spontaneous isolated deficiency in man has 
never been proven, but experimental deficiency in human 
volunteers leads to vomiting, malaise, abdominal distress 
and burning cramps and later on, tenderness in the hecls, 
fatigue and insomnia. 

Biotin Biotin acts as a coenzyme in a number of one- 
carbon transfer reactions, ATP hydrolvsis is coupled to the 
carboxvlation of the biotin, to form N-l'-carboxvbiotin 
which then cCarboxylates the substrate of the enzyme. 
Examples include pyruvate carboxylase and acetyl-CoA 
carboxylase, so biotin is important in glucogenesis and 
lipogencsis and also plays a part in the catabohsm of 
branched chain amino acids. 

Biotin is widely distributed in foods, offal, mulk and 
eggs being particularly rich sources. Inrestinal bacteria 
synthesize biotin, but it is not clear how much of this is 
avatlable for absorpuon. Deficiency has been described in 
patients on parenteral nutrition deficient in bnotin and 
also in people who consume large amounts of raw eggs: 
egg white contains a glycoprotein called avidin which 
binds biotin and prevents absorption. Such patients de- 
vélop a fine scaly dermatitis and hair loss, but isolated 
biotin deficiency in man is otherwise unknown (except 
in experimental conditions). Even large doses of biotin 
appear to be non-toxic. 

Vitarmin C  Vitamin C comprises L-ascorbic acid and 
the oxidized derivative, L-dehydroascorbic acid, In animal 
tissues 90% 18 in the form of ascorbic acid, but the two are 
interconveruble and both are mologically active, Man is 
unusual in that most other mammals can synthesize ascor- 
bate from n-glucose or Db-galactose, Guinea pigs cannot 
and so form a useful experimental model. 

Vitamin C is an important aqueous antioxidant in the 
body, although its relationships with other antioxidants 
remain to be fully elucidated. Its best characterized role 
is in the post-translational reduction of proline to form 
hydroxyproline. This imino acid is rélatively uncommon 


in the body apart from in collagen, where it is essential, 
and one of the effects of vitamin C deficiency is impaired 
collagen formation, Vitarmin € also assists in the intestinal 
absorption of non-haem iron, by keeping it in the ferrous 
(Fe°”) form. 

The main dietary sources of vitamin C are citrus and 
soft fruits, together with the growing points of certain 
vegetables, aithough in the UK potatues also make a sig- 
nificant contribution. It is one of the most labile of nutri- 
ents, being destroyed by oxygen, metal ions, alkaline 
conditions, heat and light; cooking reduces the amount of 
dietary ascorbic acid available for absorption. 

Deficiency of vitamin C causes scurvy, with perifolli- 
cular (or more extensive) haemorrhages, bleeding gums, 
poor wound healing, failure of hair follicle éruption and 
anaemia. (Factors assumed to contribute to the anaemia 
are blood loss, impaired iron absorption and aberrant 
folate metabolism.) Dietary debciency can occur, particu- 
larly if food 1s overcooked, and requirements are increased 
in certain patients, for example following trauma or 
surgery or in the presence of certain drugs. Smokers also 
séem to have an increased turnover of vitamin C. 

There have been many attempts to demonstrate ben- 
cfits from an excess intake of vitamin C (i.e. higher than 
that required to prevent scurvy) in a diverse range of con- 
ditions. None of these has vet been proven, although as 
one of the propenents, Linus Pauling, was a double Nobel 
laurcate, it is hard to discount the idea entirely. Potential 
risks of very high doses include diarrhoea, increased for- 
mation of oxalate (and thus of renal stones) in susceptible 
individuals and precipitation of scurvy if the high intake is 
abruptly stopped - there appears to be some adaptation in 
that sustained high mtakes lead to an increased rurnover. 

Other organic substances Food contains many 
other organic substances besides those described thus far. 
There is, however, no convincing evidence that any of 
these are essential nutrients in man, although some (e.g. 
choline, pangamic acid, lactrile) have been proposed as 
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such. Carmitne, which 15 mvolved in the transport of acvl- 
CoÂ across the mitochondrial membrane in fatty acid 
oxidation, is synthesized in the liver in adults but there 
may be a dietary requirement in premature infants. 

Other organic compounds found in foods (e.g. alcohol, 
caffeine, solamne) have potentially toxic pharmacological 
effects. 


Minerals 


Muinerals are important nutrients, some being major body 
constituents whule others (the trace elements) are required 
in much smaller amounts. The clinical biochemistry of 
calcrum, magnesium and phosphorus is considered in 
Chapter 6, that of sodium, potassium and chloride in 
Chapter 4 and iron in Chapter 11. Thé other trace 
elements which are known to be essential (zinc, copper, 
selenium, molvbdenum, manganese and chromram) are 
considered here, although there are a number of others 
(eg. arsenic, cadmuum, fluorine, lead, lithium, nickel, sili- 
con, tn, vanadium) which have been suggested as having 
physiological roles, but which have vet to he proven to be 
essential. 

Cobalt and iodine are both essential, but cobalt 15 only 
necessary as a consutuent of vitamin B,, and iodine is only 
important in the formation of thyroid hormones (Ch. 18), 
so neither is considered further here. 

Zinc Zinc ts an essential component of over 200 en- 
zymes, having both catalytic and structural roles, Some 
enzymes appear to be more sensitive to zimc deficiency 
than others and it is of interest to the clinical biochemist 
that plasma alkaline phosphatase activity tends to de- 
crease when zinc is deficient, Zinc is also incorporated 
into proteins which do not have enzyme activity; for 
example, it has a role in maintaining the aggregatnion of 
presecretory insuhn granules and has direct and indirect 
roles in reducing frec radical activity. Thus zinc is im- 
portant in most of the major metabolic processes in the 
body, including protein synthesis, cellular replication and 
collagen synthesis, 

The best dietary sources of zinc are red meat, shellfish, 
nuts and cereals, although processing foud tends to remove 
zinc {so chat, for example, white flour is a poor sourct}. 
Only about 30°% of dietary zinc is absorbed and there is a 
significant enterohepatic circulation. Absorpuion occurs 
through both active and passive processes. Some zinc 
remains in the enterocvte bound to à metallothionein, the 
proportion depending on the amount of metallothionein 
present. When the body content of zinc is high, metallo- 
thionein synthesis 1s stimulated, reducing the amount of 
zinc enténing the crculation. 

Although zinc is present in all body tissues, 60% 18 in 
skeletal muscle, with 30% in bone and 4-—6%% in the skin. 
In the circulanon, 80%% is contained within red cells, while 
in the plasma up to one third is firmiy bound to &.-macro- 


globulin and most of the remainder is loosely bound to 
albumin, The main route of excretion is via the faeces. 

As might be expected from the diversity of its func- 
tons, deficiency of zinc tends to have a wide range of 
cfects, Dicrmatitis and hair loss are frequent, together 
with growth retardation and poor wound healing. 
Anorexia, leéthargy and impaired sensations 6f taste and 
smell may also be present Immune function may be de- 
pressed and since zinc has a role both in the heparic syn- 
thesis of retinol binding protein and in the conversion of 
retinol to reuinal in the retina, dark adaptation may be 
impaired, 

Zinc deficiency may arise from inadequate intake 
(e.g. during parenteral feeding}, impaired absorption or 
increased losses (eg. through a gastrointestinal fistula). 
Zinc deficiency is an important part of protein-energy 
malnutrition and may limit weight gain during refeeding 
unless adequate amounts are provided, Requirements for 
zinc are increased m premature infants, during pregnancy 
and lactanon and following trauma. The autosomal reces- 
sive disease acrodermatins enteropathica is due to severely 
impaired intestinal absorption of zinc. Affected children 
have a scaly dermatiuis (often secondaniys infected), diar- 
rhoea and impaired growth, all of which respond to oral 
zinc supplements in relauvely high doses. 

Chronic ingestion of high zinc intakes in otherwise 


healthy people may lead to features of copper deficiency 


(e.g. microcytic anaëmia, neutropenia). This is because 
the zinc induces metallothionein synthesis in enterocytes 
and the metallothionein then binds copper, preventing 
its transfer to the circulation. Acute toxicity has been 
recorded following ingestion of water with a high zinc 
content or the use of such water in renal dialysis. 

Copper The main role of copper is as a component 
of copper metalloenzymes, of which there are many. In 
the synthesis of collagen and elastin, the crosslinking reac- 
tions réquiré various copper-Containing amine oxidases 
and copper is alse involved im the oxidation of Fe’ to Fe” 
during haemoglobin and transferrim formation. Examples 
of other copper-containing enzvmes are superoxide dis- 
mutase, tvrosinase and cytochrome c oxidase. 

Copper is widely distributed in the diet, for example in 
shellfish, liver and kidney, with lesser amounts in mulk, 
meat and cereals and very little in processed foods, Not all 
dietary copper is absorbed, the proportion varving from 
35% to 70% for reasons chat are not fully understood, 
although an increased intake of zinc reduces absorption 
(sce above). From the gut, copper 1s carned to the liver 
bound to albumin and there it is incorporated into 
cacruloplasmin. Caeruloplasmin is then secreted into the 
blood and accounts for 80-90%% of the circulating copper. 
The main route for excretion of copper 1s in the Hile, with 
very little in the urine unléss renal damage is present or 
copper-binding substances (e.g. penicillamine} have been 
mven, Normal Copper homocostasis therefore depends 


on the balance between intesuinal absorption and biliary 
ExCretIon. 

Overt copper deficiency is rare since the liver contains 
substanual stores, but has been seen in malnourished chil- 
dren and in adults on long-term total parenteral autrition. 
Features include neutropenia and skeletal fragility, with a 
microcytic hypochromic {iron-resistant) anaerma 1f the 
deficiency is prolonged, In adults, subclinical deficiency 
may be a risk factor for cardiovascular disease — in animals 
copper deficiency can cause vascular and myocardral dis- 
case, together with hypercholesterolaemia. There is also 
a rare X-linked recessive disorder known as Menkes’ dis- 
case, in which there 15 impaired copper absorption and 
renal copper wasting. Affected boys show progrésaive de- 
velopmental and mental retardation, their hair becomes 
depigmented and sparse and their bones are abnormal, 
Parenteral copper can restore bath circulating and tissue 
concentrations, but 1s otherwise imeflective and death 
occurs by the age of 3. 

Excess copper in the body is roxic, as dernonstrared in 
Wilson’s disease, which is discussed in Chapters 13 and 
23. However, copper overload purely from chronic dietary 
excess is rare, although it has been described in associa- 
uon with contaminated water supplies, Although a prob- 
lem of toxicology rather than nutrition, acute ingestion of 
copper salts can cause nausea, vomnting and charrhoca, 
with intravascular haemoivsis in severe cases. 

Seleniurm Sclenium is essential 10 the activity of the 
enzyme glutathione peroxidase, whuch 1s an important 
component of cellular antioxidant capacity. Selenium 
deficiency results in both reduced enzyme activity and re- 
duced amounts of the enzyme protein, although when the 
intake of sclenium is mercased, there is an increase in glu- 
tathione peroxidase activity only up to a plateau level, 
Other selenoproteins are also known and selemum seems 
16 be important in the hepatic microsomal deiodination of 
thyroxine. 

Cereals, meat and fish contribute most of the dietary 
sclenmium, mainly in the form of the amino acids seleno- 
methuionine and selenocysteine, About half of dictary sele- 
nium is absorbed, the main route of excretion being in the 
urine. Selenium deficiency, when it accurs, is generally 
the resukt of a low intake and has been described in 
patients on long-term parenteral nutrition and children 
with certain inhented metabolic discases treated with very 
restrictive therapeutic diets, although such occurrences 
are rare, In certain areas of China, where the soil selenium 
is low, there is endemic deficiency of selenium and « 
sclemum reésponsive cardiomvopathy (Keshan disease) 
has been described. However, average selenium intake is 
also low in New Zealand and Finland, with no selenium- 
responsive discases being described, so it may be that 
other factors necd to be present before a low selenium 
intake triggérs disease, 

Excess chetary selenium causes toxicity in livestock, but 
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it is only in selemium-rich areas of China that convincing 
endemic dictary sclenosis has been described in man. Fea- 
tures include ‘garlic breath” (due to dimethyl selemide), 
déformity and loss of hair and naïls, skin and gastro- 
intestinal symptoms and, in severe cases, neurological 
problems. Similar features have been seen in North 
Americans taking selemum supplements which acciden- 
tally contained vasty more selénium than they were sup- 
posed to. [In general, selenium toxicity seems to begin at 
intakes only 10 times the normal intake, although the 
threshold may be even lower in the présence of certain 
diseases, e.g. cystic fibrosis. 

Molvbdenum Molybdenum combines with molyb- 
dopterin 10 form molybdenum cofactor, essential for the 
activity of the enzymes xanthine oxidase, aldehyde oxidase 
and sulphite oxidase. 

The dierary requirement for molvbdenum is very small 
and it 15 present in most human dhiets in meats, légumes 
and grains, so that dietary deficiency is exceptionalily 
rare. Molybdenum deficiency has been reported in one 
patient on TPN, who developed fatigue, somnolence and 
amino acid intolerance which responded to molybdenum 
suppléments. There is a rare, autosomal recessive, in- 
herited deficiency of molybdenum cofactor, which results 
in severe neurological abnormalities, mental retardation, 
lens dislocation and xanthinuria (see Ch. 9) in affected 
children, but no clinical improvement results from dietary 
supplèmentation. 

High dietary intakes of molybdenum may be associated 
with altered purine metabolism (an increased incidence of 
gout has been noted in some populations) and with poerly 
understood changes in copper metabolism. 

Manganese Manganese is a Component of certain 
enzymes (e.g. pyruvate carboxylase, mitochondrial super- 
oxide dismutase, arginase) and is also an activator of many 
others (e.g. hydrolases, glycosyl transferases, kinases, 
décarboxylases), so deficrency can affect the metabolism 
of carbohydrates, glycosaminoglycans and cholesterol. 

Good dictary sources of manganese include leafy 
vegeétables, unrefined cereals and tea, although only s 
small proportion (54%) is actually absorbed., The body 
content of manganese is low, with about a quarter of 
this relatively fixed in bone and the highest tissue concen- 
trations in the pancreas and liver. The usual route of 
excretion is in the bile, 

Deficiency of manganese in animals causes poor 
growth, defective collagen formation, depressed reproduc- 
tive function, impaired glucose tolerance and neurological 
deficits, but evidence of dietarv deficiency in man is less 
well established. There :s one case recorded of deficiency 
in à patient on TPN (who had a decrease in vitamin K- 
dependent clotuing factors, hypocholesterolgaemis, mild 
dermatitis and a sight change in hair colour) and possible 
associations with congenital dislocation of the hip and 
intrauterine malformations. 
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Dhietary toxicity of manganese is unlikely since absorp- 
tion is low and excretion in the bile and urine efficient. 
Toxicity has been recorded in manganese miners, who 
develop a condition clinically similar to Parkinson's dis- 
ease, but thus appears to be due to absorption from man- 
gancese ore dust in the lungs rather than from the intestine. 
A commercial TPN additive which contained manganese 
has recently been withdrawn because toxic blood levels 
were found in some patients on long-term TPN, with 
clinical evidence of toxicity in a few. 

Chromaium The biological role of chromium in man 
appears 10 be as part of an organic complex, the precise 
composiuion of which is not clear, that potentiates the ac- 
tion of insulin. Chromium may also be important in gene 
expression, lipoprotem metabolism and in maintaining 
nucleic acid structure, 

Detary sources of chromium include veast, meat, 
whole grains, mushrooms and nuts. Absorption 1s very 
low and urmary excretion increases with intakc. Human 
deficiency was first observed in long-term parenteral nu- 
triuion patients who developed insulin-resistant diabetes 
mellitus and neuropathy. In animals, deficiency also causes 
impaired growth and fertility and hypercholesterolaemia, 
but these have not been seen in humans. In general, there 
is no conclusive evidence that diabetes and hypercholes- 
terclaemia are usually associated with chromium defi- 
Ciéncy, nor that supplementation improves the prognosis. 

Industrial toxicity of chromium salts is well established, 
but as à dietary consutuent toxicy seems unlikely to 
OCCUr. 


Fibre 


Dhetary fibre is a term which is widely used but which 
does not have a precise defimnon, In general terms :àt 
comprises the structural parts of plant foods, including 
coatings such as the bran around brown rice or whole 
wheat and the fibrous networks throughout a plant, which 
are assumed not to be broken down and digested in the 
lumen of the human gastrointestinal tract, However, such 
material is actually a mixture of substances, some of which 
may be broken down in the gut to a greater extent than 
the ‘resistant’ starches from certain foods. Most dietary 
fibre consists of non-starch polyssaccharides (NSPs), with 
other substances such as hgnin forming only a minor part. 
Consideration of the NSP content of foods is probably the 
most useful approach to fibre, particularly since NSPs can 
be measured with more specificity than total dietary fibre. 

NSP5s are a complex group of polymers which can be 
classified in a number of ways, for example, according to 
the constituent monomers or whether the resulting poly- 
mer is soluble or not. Cellulose is a polymer of glucose but, 
unlike starches, is an unbranched B-1,4 glucan. It consti- 
tutes about a quarter of the NSP intake of an average UK 
diet and about half of the insoluble NSP, Other non- 


cellulosic polysacchandes rend to be made up of hexoses 
(e.g. glucose in the soluble glucans}, pentoses (e.g. arab- 
inose and xylose in the partiv soluble arabinoxylans) or 
uronic acids (e.g. galacturonic acid in the soluble pectins}. 

Dictary NSPs obviously come from plant sources, but 
the exact composition depends on the source. The richest 
sources are whole grain Cercals, with wheat, maize and 
nice containing mainly insoluble forms, and oats, barley 
and rye a significant proportion of soluble NSPs, Fruit 
and vegetables have à higher water content than cereals 
and so the proportional NSP content tends to be lower, 
with pulses and nuts probably the next best sources after 
cercals. Vegetables tend to contain roughly equal propor- 
tions of the soluble and insoluble fractions, but in fruits 
this varies wmidely, with uronic acid-derived NSPs being 
the main soluble form. 

Different generations of physicians have recommended 
both low residue and high fibre diets at different times for 
the same gut disorders and the role of NSPSs in a healthy 
diet remains controversial, Foods with a high NSP con- 
tent tend to be bulky with a relacively low energy density 
and increased intake produces an increase in stool weight 
and has a laxative effect. However, NSPs are also fer- 
mented in the large bowel by the anaerobic flora to form 
short chain fatty acids, carbon dioxide, hydrogen and 
methane and the short chain fatey acids are absorbed and 
used as an CnCrEv source. 

À low ‘dietary fibre’ intake has been associated with an 
increased incidence of constipation, diverticular disease, 
appendicitis, gallbladder disease and carcinoma of the 
large bowel, although the precise nature of these associa- 
tons is difficult to work out, not least because diets high 
in ‘fibre’ tend to be different in other ways as well. Certain 
of the soluble NSPs have also been associated with short- 
term decreases in plasma glucose, insulin and cholesterol 
concentrations, but as vet there is no firm evidence either 
for a dietary deficiency of NSPs causing non-imsulin- 
dependent diabetes or hyperlipidaemnia, or for a role for 
dietary NSPs in the management of these conditions, 
other than the fact that a high dietarv NSP intake tends to 
be a marker for a diet more in line with current ‘healthy 
cating' CONCEPts. 

High dietary fibre intakes in infants and young children 
may displace energv-rich foods and restrict growth. In 
adults, High dietary intakes of NSP-rich foods are prob- 
ably not harmful, altheugh they may cause flatulence, and 
there 1s a possible increase in the risk of mechanical bowel 
problems such as colonic volvulus. Dvalent cations can 
bind to certain constituents of NSPs, for example to 
uronic acid residues, or to associated phytate, but this 
does not seerm to cause mineral deficiency on à mixed 
diet. However, caution should be exercised in recom- 
mending ‘dietary fibre’ supplements, particularly those 
high in phytate, to populations with borderline mineral 
balance, e.g. unprocessed bran for the elkderly. 


ASSESSMENT OF NUTRITIONAL STATUS 
General 


Ît is important to be able to assess nutriuonal status, not 
only in large survevs attempting to define dietary reference 
values but also when confronted with individual patients, 
both to determine whether any sort of nutritional inter- 
véntion 1s indicated and then to monitor the response 
to any such intervention, However, the wide range of 
individual nutrients, and the fact that nutritional status 
is reflected in all body compartments, not all of which 
are caglv accessible to measurement, means that precise 
assessments are difficult ro make, The various techniques 
that are used include clinical assessment; dietary assess- 
ment; measurement of anthropometric indices; various 
types of functional assessment, and laboratorv-based 
techniques, 

Each of the first four is discussed below and then 
more detailed consideration is given to laboratory-based 
assessment of individual nutrients. 


Chmical ascescment 


Evidence of nutritional disorders may become apparent 
during the normal clinical processes of history taking and 
physical examination. The history should give an impres- 
sion of normal food intake and any food aversions or m- 
tolérances, together with any unexplained wéight changes. 
In the latter case, it is useful to ascertain the patient's 
usual weight. Any difficulries in chewing or swallowing are 
important, together with gastrointestinal symptoms such 
as anorexia, nauséa, vomiting, altered bowel habit or jaun- 
dice. In the past medical history, any chronic disease may 
have effects on nutritional status and surgery involving the 
gastrointestinal tract or associated organs may also be of 
importance. Chromc use of alcohol or drugs (therapeutic 
or otherwise) may have nutntonal implications and socio- 
economic factors are obviousiv important in terms of 
availabihty of foodstrufis, adequacy of preparation and 
gencral support. 

Physical examination will reveal body build and allow a 
subiective assessment of fat reserves and skeletal musclée 
mass. À clinical assessment of muscle strength may be 
made, although there are many non-nutritional causes 
of weakness, Specific evidence of particular vitamin or 
mineral deficiencies may be present, as described under 
the individual nutrients, but in general examination of 
the haur, skin, nails and mucous membranes may prove 
fruitful. 


Dhetary assessment 


Dierary assessment involves locking at food intake, turn- 
ing this into intakes of specific nutrients and then com- 
paring these with dietary reference values to see whether 
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deficiency or excess is likely, To be maximally accurate, 
this would involve following the individual involved on a 
day-to-day basis, weighing the amounts eaten and analys- 
ing the chemical composition of samples of all foods eaten 
(to say nothang of the problems of setning dietary reference 
values, which have alreadv been mentioned}. This is 
Clearly impractical in most instances and some approxi- 
mation of food intake must be arnived at and reference 
then made to standard food tables to calculate nutrient 
content, In Britain this usually means MeCance and 
Biddorwson's The Composition of Foods, first published in 
1940 as The Chemical Composinon of Foods and now into 
its fifth edition. 

Approximations of food intake may be broadly divided 
into two techniques: the food diary or record and the 
dietary history, The most accurate food record involves 
the patient weighing all food pornions and recording foods 
and weights, although électromic scales with recording 
facilities are available, Less accurate, but marginally less 
tedious, is the unweighed food record where quantities are 
expressed in terms of houschold measures. For assess- 
ment of energy intake, 7-dav food records are adequate, 
but for vitamins, minerals or fibre 14-day records at least 
are NOCCSSATY. 

À full dietarv history sims to establish an individual's 
typical food intake and may take even a shilled interviewer 
over an hour to complete fully. Shorter alternatives in- 
clude ‘24 hour recall”", which may be less reliant on good 
memory or wishful thinking but may not be typical, and 
food frequency questionnaires, Mot surprisinglv, dictary 
histories do not always correspond exactly with weighed 
intake records or with other more objective measures of 
intake, but thus is dependent on the skill and knowledge of 
the interviewer as well as the technique chosen and the 
reliability of the subect. 


Anthropometnc meastrements 


In adults, chnical assessment can often indicate under- 
or overnutrition, In children it is harder to assess whether 
size 18 appropriate for age and even in adults it is hard 
to monitor changes in nuirnitional status without making 
some more objective measurement than ‘the view from 
the end of the bed’. Anthropometry is simply the meas- 
urement of the hurnan body and thére are several anthro- 
pometric indices that are useful nutritional indicaters. 
Height and weight In children, measurement of 
héight 1s important in relation to age-relared centile 
charts, but even more important is the rate of growth as 
plotred on such charts. Nutniuon is an important factor in 
growth, although there are obviously many reasons why 
growth failure may occur, Height alone is a less significant 
nutrnitional indicator in adults, although jt is important in 
assessing the significance of weight. In this context, maxi- 
mum height (if known) may be more important than 
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measured height, as small reductions tend to occur with 
age. 

In children, body weight also has to be assessed against 
agc-related centile charts and again the rate of growth is 
more significant than the absolute value, apart from at the 
extremes. 

In adults, weight can be useful as a nutritional indicator 
in a number of ways. In the general population, weight 
can be assessed against height to indicate whether an indi- 
vidual is underweight, overweight or within a predeter- 
mined desirable range. For many years tables of acruarial 
data from the Metropolitan Life Insurance Company in 
the USA were used for this purpose, but the ‘healthy 
range’ imposed by these is probably rather restricted and 
there is a tendency now to use the calculated body mass 
index (BMI; Table 10.3) in this context. The BMI can 
also be used to grade the severity of obesity. 

In ill people, calculation of percentage weight loss 
(weight loss as a pércentage of usual weight) is a useful 
index. While this has to be related to the period over 
which it occurs, loss of more than 10% of usual weight 
can be regarded as severe, 

In hospitalized patients, serial weight measurements 
arc valuable in monitoring nutritional status, particularly 
where nutntional support is being provided. Acute changes 
are likely to be due to changes in fluid balance, but longer 
term trends reflect tissue changes. As long as the patient 
is ambulant, weight measurements should be simple to 
obtain and record, although in the author's experience it 
is surprisingly difficult to achieve this on a busy hospital 
ward, 

Circumference measurements In patients who are 
confined to bed, either because of debility or because 
movement is restricted by multiple fluid lines or splints, 
weight measurements are difficult to obtain unless the 
patient 1s in a special (expensive) weighing bed. In these 
circumstances, some idea of tissue bulk may be obtained 
by a simple mid-arm circumference (MAC) measurement 
made with a tape measure, The measure should be placed 
round the non-dominant arm, at a point midway berween 
the acromion (shoulder tip) and the olecranon process 
(point of the elbow). Age and sex-related reference stand- 
ards are available for the raw measurements, which in- 





clude muscle, fat and bone, or attempts can be made to 
refine the measurement to reflect muscle mass alone. The 
first stage is to correct for fat by including the triceps 
skinfold measurement (TSF; see below) and using the 
formula (MAC - x x TSF) to derive the mid-arm muscle 
circumference. This can be further manipulated to give 
uncorrected muscle area and finally an adjustment made 
for the contribution of the humerus, to give corrected 
muscle area, The latter can then be used to estimate 
total body muscle mass, although given the difficulties in 
making the two original measurements accurately, the 
margin of error by this stage must be quite high. In the 
research environment, dual-energy X-ray absorptiometry 
(DEXA) is being used to make similar measurements of 
body composition. 

While these calculated values may be useful in epide- 
miological surveys, in nutritional support the initial MAC 
measurement itself may help to indicate whether support 
is required, and serial measurements help to assess the 
success of treatment, although short-term changes are 
more likely to be due to imprecision in measurement than 
changes in tissue bulk. 

Another ‘circumference’ parameter which may be use- 
ful in assessing the health risks of moderate obesity is to 
measure waist and hip circumferences and calculate the 
waist:hip ratio, This reflects the distribution of fat rather 
than the degree of obesity, and the risk of ischaemic heart 
disease and stroke rises sharply with waist:hip ratios of 
more than 1.0 for men and 0.8 for women. 

Skinfold thickness Measurement of skinfold thick- 
ness is useful in assessing and monitoring nutritional sta- 
tus in patients who cannot be weighed and also has a place 
in epidemiological surveys. Cheap plastic calipers are in- 
accurate and the more precisely calibrated metal ones are 
to be preferred. However, even then the technique is prone 
to large variations, both within and between observers, 
The imprecision arises in identification of the exact loca- 
tion for measurement; the way the skinfold is picked up; 
the way the calipers are placed on the fold; the compres- 
sion of the fold by the calipers; and the exact timing of 
the reading. Some improvement in performance may be 
achieved by taking the mean of three readings, usually on 
the left (or non-dominant) side, The presence ofoedema at 
the measurement site may be a further confounding factor. 

À variety of sites have been used for skinfold meas- 
urement, but the most common are mmiceps, biceps, sub- 
scapular and suprailiac. Equations are available for 
calculation of total body fat from these measurements 
(usually for research purposes), but this assumes that sub- 
cutancous fat reflects total body far, which is not always 
the case: obese men tend to lay down more intra-abdomi- 
nal fat than women. In clinical practice, body weight is 
more useful than skinfold thickness in the management 
of obesity, but in undernourished patients the latter may 
be useful. Age and sex-related reference standards are 


published (for example, for miceps skinfold thickness) and 
so measurement at presentation may identify severe mal- 
nourishment: a triceps skintold of less than 5 mm almost 
always reflects low body fat stores, Serial measurements 
can help in monitoring nutritional support but again 
shert-term changes are more likely to reflect imprecision 
in measurement than sudden changes in fat stores. When 
total fat stores reach very low levels, physical condinon 
can detériorate rapidly. 


Funmecrional 


The effects of nutritional status on certain aspects of 
bodily funcrion can be used in the assessment of under- 
nutrition, although with variable degrees of success. The 
best example is probably the effect of haematinic defi- 
ciency on red blood cell morphology whére, for example, 
a hypochromic, micracytic picture may be the first indica- 
non of iron deficiency and macrocytosis of B,, or folate 
deficiency (see Ch. 11). 

Functional tests of muscle mass have also been used, 
eg. grip strength, isometrnic knce extension and response 
to electrical suüimulation., However, while muscle strength 
correlates with muscle mass in normal subjects, théere are 
many non-nutritional factors which can cause weakness in 
sick patients and malnutrition alone has to be quite severe 
before strength diminishes, There is also the possibihity 
that repeated measurements may have a training effect on 
the muscles involved. 

Visceral protein is sometimes disproportionately de- 
creased im protein deficiency and various measures of vis- 
ceral function have been used in nutritional assessment. 
Two of these are discussed below. 

Hepatic secretory proteins The liver symthesires 
most of the circulating plasma proteins (apart from im- 
munogiobulins) and in epidemniological studies there 18 a 
clear correlanon between plasma concentrations of these 
proteins and other markers of malnutntion, For example, 
in adults who are otherwise well, a plasma albumin of less 
than 35 g/L and a plasma transierrin below 1.5 g/L, usually 
indicate protein malnutrition. Since most of these proteins 
can be measured quite easily, there is a temptation to use 
them as nutriional markers in individual patients, but 
there are pitfalls for the unwarvs. 

Albumin is probably one of the most frequentiy meas- 
ured plasma proteins and low concentrations may reflect a 
deficiency in dictary protein intake, However, it must be 
remembered that decreased synthesis may be due to other 
factors, for example liver disease, and that the plasma con- 
centration is also affected by fluid balance, loss of protein 
from the body, nssue catabolism and distnbunuon of albu- 
min across the various body compartiments. It should also 
be remembered that while the intravascular concentration 
of albumin is relatively high, more than half of the total 
mass of albumin 1s actually extravascular. 
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Even in circumstances where the plasma albumin con- 
centration does reflect nutritional status, the relauvely 
long half-hfe (20 days) means that it does not respond to 
rapid changes and 50 other plasma proteins with shorter 
half-lives have been used. These include transferrin (9 
days}, prealbumin (1-2 days) and reunol-binding protein 
(19 h}, but unfortunately these all have similar drawbacks 
to albumin and are also affected by factors such as the 
acute phase response, oestrogen concentrations and fac- 
tors relating to their own specific function (e.g. iron defi- 
ciencv in the case of transferrin). Serial determinations 
may be of more use than single measurements, 

Insulin-hke growth factor 1 (IGF 1} shows some 
promise as a nutntional indicator, as long as allowance 15 
made for the age of the patient and the possibility of any 
abnormality in growth hormone secretion. 

The immune response Malnourished people are 
more susceptible to infections, Plasma immunoglobulin 
concentrations are gencrally maintained, but cell-medi- 
ated immunity may be impaired. The circulating absolute 
lvmphocyte count is often low (less than 2,0 x 10*/L) in 
malnutrition, although thus is à very non-specific finding. 

Delaved cutaneous hypersensitivity testing against 
common allergens has been used to assess malnutrition, 
but many non-nutritional factors (e.g. infection, malig- 
nancy, radiation, surgery, drugs) affect the response and 
in any case, the results may not be reproducible, In sir 
tests of T cell function may be an alternative, but in chini- 
cal practice neither of these approaches is in common use. 


Laboratory-based assessment of individual 
nutrients 


Energy 


Laboratory-based techniques are not in general use for 
the assessment of energy stores, whether of fat or carbo- 
hyvdrate. However, thére are techniques for the méasure- 
ment of energy expenditure which may be of use in 
assessing how much energy to provide as part of nutri- 
tional support. 

Direct calorimetry measures heat loss from the body, 
which can be used to dérive the metabolic rate assuming 
that body temperature remains constant and no external 
work is performed. The technique invoives the subject re- 
maining in a special insulated room equipped for heat ex- 
change, so is not applicable in general clinical practice. 
Indirect calorimetry measures oxygen consumption and 
carbon dioxide production and from these the respiratory 
quotient can be calculated, together with the energy ex- 
penditure (Fig. 10.7}, This is the technique used by the 
‘metabolic measurement carts’ which are popular in some 
intensive Care units. 

The use of doubly-labelled water (containing the stable 
isotopes “H and “O) has produced new data on total 
energy expenditure in frec-living individuals, but the 


ISS CLINICAL BIOCHEMISTRY 


RESPIRATORY QUOTIENT 


(RQ) 





RO = VOLUME CO, PRODUCED per unit time, 





VOLUME O, CONSUMED af sfeady state 


RQs when metabolising movidual ensrgy sources: 


Carbotrwydrate 1.0 
Fat G.7 
Protem (average) 0.8 
Excess onergy usec foc 

net fat synthesis 51.01 


ENERGY EXPENDITURE 





At steady State 





ENERGY RELEASED! is moportona! 
FROM FOODS to 





Thé amount of energy released per litre of oxygen vanñes 
with différent locds. but on average is about 4.82 kcal per 
litre of oxygen (at standard temperature and pressure), 
Thus: 
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A more accurate estimation Can be obtained by using 
a measurement of nitrogén éxcrétion to assass protein 
metabolism, and then the RQ to assess the relative 
proportions of carbohyorate and fat being used. 


Fig. 10.7 Calculation of resprratony quotient and energy expenditure. 


technique is not suitable for the assessment of individual 
patients. 

Basal metabolic rate may be calculated for healthy indi- 
viduais from knowledge of age, sex, height and weight 
using the Harris-Benedict (Fig. 10.8), Schofield or similar 
equations and for sick patients suitable adjustment may 
then be made for disease state, pyrexia, mobility, etc. 
However, the more severely ill the patient, the less likely 
it is that the calculated figure truly reflects total energy 
expenditure. 


Protein 


Laborators-based tests for visceral protein have already 
been discussed under functional tests of nutritional status 
(p. 187). However, there are a number of other tests 
which assess total body protein (predominantiy muscle). 


in dissass fres individuals, thé lollowing formulae give an 
estimate of EMA in kcal'24h: 


|  ADULTMALES | 
| BMA=665+1275W+5H-6774A | 


AOULT FEMALES 














BMR = 665.1 + 9.56W + 1.85H - 4.67À 


V4 = body wesght in kg 
H = height in Cm 
À = agé in years 


Fig. 10,8 Harris-Benedic equauons for the calculation of basai 
metabolic rate CBMR). 


For rescarch purposes, total body nitrogen can be 
measured by neutron activation (an estimate of total body 
protein is simply obtained by multiplying this figure by 
6.25) and dus can demonstrate changes over a period of 
only a few wecks. Almost all body potassium 1s intracellu- 
lar, there 1s virtually none in adipocvtes and potassium in 
the skelerton and red blood cells is not readily exchange- 
able, so exchangeable potassium measured using dilution 
Of “K 18 a measure of lean tissue mass. Neutron activation 
can also be used to measure votal body potassium and by 
monitonneg both nitrogen and potassium, it can be shown 
that nitrogen losses in malnutrition are relanvely higher 
from lean tissue (high potassium content) than from 
Gbrous ussue (low potassium content). 

Méeasurements of bicelectnical impedance have also 
been used to predict lean body mass, However, the 
technique actually measures total body water and the 
extension to lean body mass assumes a constant level of 
hydration in such tissue, which may not always be the 
case, particularly in sick individuals. 

Outside the research environment, a direct méasure of 
muscle mass may be obtained from the 24 h excretion of 
croannine, a metabolite of muscle creatine, This is some- 
times corrected for height (the creatinine:height ratio) and 
standard values are available, However, urinary creatinine 
excretion does fluctuate (e.g. with exercise, pyrexia, meat 
intake) and the technique depends on complete urine 
collections and normal renal function, so that in practice 
it is not widely used. 

It may sometimes be useful to assess nitrogen balance. 
Nitrogen intake may require dietary analysis or, for pa- 
tients on enteral or parenteral formulations, it will already 
be known. Nitrogen output for research purposes involves 
analysing stool and urine for total nitrogen content, but 
for clinical purposes urinary urea nitrogen may be meas- 
ured and standard adjustments made for urimary non-urea 
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Fig. 10.9 Fortnula for the caleulanon of niirogen output. 


nitrogen and faccal nitrogen (Fig. 10,9). This approach 1s 
valid for reasonably well patients (assuming the urine 1s 
not infected with a urea-splitting organism), but diverges 
further from the true nitrogen output the more severely 1il 
the patient, 


Frames 


It is sometimes useful to assess body stores of fat-soluble 
vitamins, as outhined below, but only rarciy necessary to 
measure the water-soluble vitamins (with the exception of 
B,; and folate - see Ch. 11). This is because they are rela- 
tively non-toxic and if deficiency is suspected a tnal of 
therapy 1s safe and simpler than trying to measure them. 

Vitarnin À  Vitamin À is stored in the liver so meas- 
urement of the liver vitamin À content would probably 
be the best indicaror of vitamin À status, but this is not 
feasible in human subjects. Plasma retinol concentration 
can be measured, but rends to be maintaned ôvér à mide 
range of liver reserves, making it an insensitive detector of 
deficiency. Ketinol is carried bound to retinol-binding 
protein (RBP} in the plasma, so conditions reducing 
RBP concentration (e.g. liver disease) may lower plasma 
retuinol concentration without reflecting decreased stores. 
Very low concentrations (below 0.7 umol/L) confirm 
deficiency, bur by this stage the clinical effects are almost 
always marufest and in general the diagnosis of vitamin À 
deficiency 1s made on clinical grounds. Very high retinol 
intakes may mcrease the plasms concentration. 


Plasrna carotenes can also be measured and in general 
reflect dietary intake. Dietary assessment is usually all that 
is necessary for thus, but measurement is occasionally 
belpful to establish whether an odd skin colouration is due 
to hypercarotenaemia or not. 

Fitamin D  Suspicion of a nutritional deficiency of 
vitamin D may be raised by an increase in plasma alkaline 
phosphatase activity. Since deficiency is hkely to be part of 
more generalhized malnounshment, the plasma calcium 
may be difficult to interpret in view of the reduced circu- 
lating albumin concentration, even when the calcium is 
‘corrected’ using one of the standard formulae (see Ch, 6) 
and in any case, the secondary hyperparathyroidism sti- 
mulated in these circumstances tends to raise the iomized 
calcium concentration towards normal. 

The main storage form of vitamin D in the body is 25- 
hydroxycholecalciferol and this is also the main form in 
plasma, where it is bound to a specific binding protein. 
Measurement of plasma 25-hydroxycholecalciferol pro- 
vides a useful indicator of vitarmn D stores, as long as the 
result is interpreted with regard to a seasonally adjusted 
reference range (e.g. 15-35 igfE. in summer, 8-18 ug/L in 
winter). 

It is also possible to measure the active merabolite 
of vitamin D (1,25-dihydroxycholecalciferol}, although 
this is more difficult as the plasma concentrations are 
approximatels 1000-fold lower than those of 25-hydroxy- 
cholecalciferol. It is normally ciosely regulated and does 
not reflect dietary vitarnin D deficiency. 
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Vitamin D toxiciry can occur fairly easily if supple- 
ments are given, as the difference hetween appropriate 
and toxic intakes 18 fairly small. This às generally detected 
in the laboratory as hypercalcaemua which gets better 
when the supplements are reduced or stopped, but it is 
occasionally necessary to confiem the diagnosis with 
plasma vitamin D assay. The appropriate metabolite to 
méasure will depend on the type of supplément given. 

Fetavmin Æ  Vitamin E status has been assessed by 
measuring the £x vire haemolysis of red blood celis follow 
ing exposure to hydrogen peroxide, although this occurs 
well before the vitamin E deficiency is severe enough to 
cause clinical problems. 

Measurement of plasma tocopherol concentration is an 
acceptable altérnative, although inéreases in plasma lipo- 
protemm concentrations tend to result in increases in 
plasma tocopherol, Ir is thus better to express the results 
in relation to plasma hipids, for example, as the plasma 
tocopherol:cholesterol ratio. 

Pitarmmin K Although it is possihle to measure 
vitamin K in plasma, the usual laboratory approach 1s 
to assess the plasma concentrations of the vitammin K- 
dependent clotüng factors. In vitamin K deficiency these 
are present in normal quantities but in à non-functional 
state (PIVKA — proteins formed in vitarmin K absence) 
and s0 a functional assay, conventionally the prothrombin 
time, 1s used (although the activated partial thrombo- 
plasun time is also abnormal in vitamin K deficiency). 

There is no generally available test of vitamin K excess, 
largely because its lack of roxiciry makes it unnecessary. 

Thiamain The single most important factor in detect- 
ing thiamin deficiency is a high index of chnical suspicion 
and the safest confirmatory test a trial of tlamin supple- 
ments, since delay mav be harmiul in a deficiént patient. 
However, assuming appropriate samples can be obtained 
without delaving treatment, there are laboratory tests 
which may be used to assess thiamin status, 

Measurement of plasma thiamin concentrauon has not 
been widelv adopted, probably because of the low con- 
centration and consequent analytical problems. Urinary 
thiamin measurement has been used, with low outpurs 
being found in clinical deficiency states. Discrimination 
is said to be improved if the percentage excretion of a test 
dose is measured, with retention of a higher proportion 
in deficiency. 

Functional tests of thiamin deficiency depend upon the 
role of thiamin pyrophosphate (TPP) as à cofactor for 
cértain enzymes. Thus che activity of the pyruvate de- 
hydrogenase complex may be décreased, with a rise in the 
circulating pyruvate concentration. There are other causes 
of a raised pyruvate and measurement of blood pyruvate 
following a glucose load has been suggested as a way of 
making the rest more specific, akthough this has not been 
widely adopted. The idea is that there is a higher peak 
and slower decline in pyruvaté in thiamin deficiency than 
otherwise occurs. 


Probably the most commonty used laboratory check on 
uarnin status 1s the measurement of ervthrocyte trans- 
ketolase activity with and without the addition of TPP, In 
severe deficiency the TPP enhancerment of transketolase 
activiy is greater than 25%, while it is only 0-15% in 
normal subjects, with marginal deficency in between, 

Riboñflauin The laboratory approach to the assess- 
ment of riboflavin status 1s similar to that taken with thia- 
min. Urinary excretion can be measured and an output of 
0.5-0.8 mg/24 h probably indicates an adequate intake, 
but does not necessaniy reflect total body content. Factors 
such as age, physical activity and illness can also influence 
urinary excretion. Discriminauon may be improved by 
measuring the percentage excreuion of a loading dose of 
riboflavin, an increased proportion being retainéd in 
deficiency states. 

In the blood, abour 90%% of riboflavin is present in the 
red cells. This can be measured directly, but measurement 
of red cell glutathione reductase activity is probably more 
useful. The enzyme is FAD dependent, so that acuvity 
falls in riboflavin deficiency, but is restored on addition of 
FAD. An increase in activity of 30%% or more confirms 
nboflavin deficiency. The test assesses long-term tissue 
riboflavin status and is very sensitive, It cannot be used 
if there is cooustent red cell glucose 6-phosphatase 
deficiency, 

Nicotinarmide Laboratory tests of mcotinamide sta- 
tus tend not to be entirely satisfactory, possibly because no 
specific functional vest has vert been developed, Approaches 
used to date include measurement of whole blood NAD 
concentration and of urinary excretion of nicotinamide 
metabolites, in particular L-methyl micotinamide, 

Eitarmin B, À variety of biochemical techniques have 
been described for the assessment of viramin B. status. 
Urinary excretion of 4-pyridoxic acid reflects immediate 
dietary intake and plasma pyridoxal 5-phosphate can also 
be measured, but indirect approaches are less technically 
demanding and have been more widely adopted. 

In BB, deficient subjects, the urinary excretion of 
xanthurenic acid shows a marked mcrease following an 
L-tryptophan load and this is the basis of the tryptophan 
load rest, This is relatively casy to pérform and has been 
widely used, but interpretation of the results requires cau- 
tion as there are à number of other factors which can 
affect tryptophan metabolism. The most useful test cur- 
rentiv available is probably the measurement of red cell 
aminotransferase (e.g. aspartaté aminotransierase) activ- 
ty, with and without the addition of pyridoxal 5-phos- 
phate, in a technique analogous to that used for the 
functional assessment of thiamin (red cell transketolase) 
and riboflavin {red cell glutathione reductase). Plasma 
aminotransierase activities are also affected by B, def- 
ciency, but the verv wide fluctuations seen in disease 
states make them less useful than erythrocyte activities in 
this context. 

Pantothenic acid Tests of pantothemec acid status 


are rarely necessary and no biochemical test has become 
generally accepted. Pantothenmic acid itself can be meas- 
ured in urine and plasma, the urinary excretion being 
more immediately affected by dietary intake, Assessment 
of the red cell content of coenzyme À may be a functional 
test of pantothenic acid status. 

Biotin Techniques have been described for the meas- 
urement of biotin in both urine and blood. However, 
these are not particularly simple and in practice biotin 
status is rarely assessed biochermically. 

Fitarmin C Viramin C can be measured in plasma, 
white blood cells and urine. Unfortunatels, none of 
these is entirely satisfactory in assessing vitamin € status. 
Plasma concentration tends to reflect recent intake and so 
will go down with decreased intake before body stores are 
depleted. Leukocyte (or buffy coat) vitamin C content 
probably reflects body stores better than does the plasma 
concentration, but the measurement 1s technicaily diffi- 
cuit, requires large quanuties of blood and if the buffy 
coat content is measured, any abnormality in the relative 
proportions of white cells and pilateiets will introduce 
further error, 

Urinary ascorbate can be measured relatively easily in a 
fresh sample and output decreases quite markedly in def- 
ciency. However, the technique is not very specilic and 
various ascorbic acid saturation tests have been devised to 
improve on thus. These all assume that if body stores are 
depleted. most of a standard daily dose of ascorbic acid 
will be retained until stores are repleted, after wluch rela- 
tively large amounts of ascorbate appear in the urine, 
These tests are not perfect, but are simple to carry out and 
appear to be satisfactory 1f a chnical suspicion of vitamun 
C deficiency needs to be confirmed. An added advantage 
is that any deficiency 1s actually treated by the test. 


Minerals 


There is a general problem in assessing body stores of 
trace elements in that plasma concentrations are not 
necessarnily related to rvissue content, as is apparent in the 
following discussion. 

Zinc Assessment of body zinc status 15 not easy. 
Measurement of plasma zinc concentration 1s probably 
the simplest approach, but the result is influenced by 
many things other than total body zinc, There 15 a diurnal 
vanation with a peak at about 10 a.m., flucruauion with 
recent dietary intake and a fall with hypoalbuminaermnts. 
It also tends to fall in disease, for example, in acute 
inflammation interleukin-1 stimulates zinc uptake by the 
liver, although in ussue destruction the plasma zinc may 
be maimtained as it 1s released from the tuissues, even 
though net balance is actually negative as losses in urine 
increase. 

Unnary zinc excretion 1s also difficult to interpret., Low 
levels may reflect deficiency, but even if environmental 
contamination can be avoided, normal or raised excretion 
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does not exclude deficiency — urinary losses may even be 
the cause of the deficiency. 

Since plasma and urine zinc measurements are gen- 
erally unsatisfactory, a variety of other approaches have 
been tried. Hair zinc is hable to environmental contami- 
nation (e.g. from certain shampoos), turns over relatively 
siowly and depends on the rate of hair growth. Erythro- 
cyte zinc content responds only slowly to changes in zinc 
status, which can be rapid. (However, the high zinc con- 
tent of red cells, in the enzyme carbonate dehydratase, is 
important since it means that in vitro haemoilysis increases 
the measured plasmas zinc concentration.) Changes im the 
plasma and tissue activities of zinc-dependent enzymes 
like carbonate dehydratase and alkaline phosphatase have 
given varving results. Leukocvyte zinc content correlates 
well with muscle content, but it is not an easy technique 
and requires large quantities of blood. 

Plasma zinc remains a common, albeit unsatisfactory 
measure of zinc status, although when true deficiency is 
suspected a therapeutic trial of zinc supplementation with 
caréful clinical monitonng is probably the best approach. 

Copper The diagnosis of copper overload is dis- 
cussed in Chapters 13 and 23. In the detecrion of copper 
deficiency, plasma copper concentration may be low, but 
deficiency may be masked because cacruloplasmin synthe- 
sis is increased in the acute phase response, Cacrulo- 
plasmin is also increased in pregnancy and by exogenous 
oestrogens. Measurement of caeruloplasmin before and 
after moderate copper supplementation may be a useful 
technique, an increase confirming deficiency. Interpreta- 
on of copper concentrations in other body fluids and 
ussues is diffiicuit when looking for deficiency, although 
changes in the activities of copper-containing enzymes like 
superoxide dismutase may prove 10 be useful functional 
tests of copper deficiency in the furure. 

Selenium Plasma selerium concentration is an indi- 
cator of recent selenium intake, although whole blood 
selenium concentration has been used. The latter may 
cbviously give a false picture if there has been recent 
blood transfusion, whereas plasma selenium is bound to 
hpoproteins, which may decrease in concentration in mal- 
nutrition, causing a secondary decrease in plasma sele- 
nium not necessarily related to body content. The activity 
of the selenium-containing enzyme glutathione peroxidase 
tends to decrease in selenium deficiency and may be a 
better funcuonal indicator, but it is not clear whether the 
measurement is best made in erythrocyres, platelets or 
even plasma. Excess selenium is excreted in the urine, 
s0 urinary measurements arc uscful in suspected toxicity, 
but are not helpful in deficiency. 

Molybdenum Piasma and urine concentrations of 
molybdenum are normally very low and measurements 
in these fluids are not useful in detecting deficiency. 
Increased urinary excreuon of xanthine and sulphite 
which decreases with molybdate supplementation may be 
a useful approach in confirming suspected deficiency. 
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Manganese Measurement of plasma and urine 
manganese is useful when investigating suspectéd toxicity, 
but since most manganesé is intracellular, whole blood 
measurements are used in the detection of deficiency. 

Chrormium Plasma and urine chromium can be 
measured by atomic absorptiometry, but the himit of de- 
tection is such that they are only really useful in detecting 
toxicity. Thus in suspected deficiency, measurements are 
only helpful in avoiding oversupplementation. 


NUTRITION AND DISEASE 


The relationship between nutrition and disease is a com- 
plex one, with several different aspects vo it. In the first 
place, inadequate supplies of individual nutrents can 
cause the specific deficiency syndromes already discussed, 
which are generally curable by supplving the appropriate 
nutnent(s). Secondly, dietary factors may be important in 
the aetiology of specific diseases. In some cases, this may 
imply scope for dietary modification to alter the course of 
the disease {e.g. in hyperlipidaemia), but this is not always 
so (e.g. where carcinogenesis has already been stimulated 
by a dietary component}. In other conditions where diet 
has no role in the actniologv, specific therapeutic diets may 
still be important in improving clinical outcome (e.g. 
in phenylketonura). Finallv, in patients with primanly 
non-nutriional discases, general nutrnitional support may 
improve outcormme, especially 1f they are, or are likely to 
become, malnourished either as a secondary effect of the 
disease or coincidentally. 


Diet in the actiologv of disease 


This is a huge topic and no artempt will be made to cover 
it comprehensively here. In trying co establish associanons 
berween specific dictary factors and diseases, problems 
almost inevitably arise because a difference in the intake 
of one foodstuff is confounded by compensatory changes 
in the intake of others. À few of the better established 
associations are described brietly below. 


Protein-energy malnuminon 


Dreficiency of protein and energy (protein-énergy mal- 
nutrition: PEAU) gives nse to a number of clinical syn- 
dromes. In the developing world, malnutrition affects 
whole populations, but the effects of PEM are particulariy 
prominent in children, presumably because of their 
high requirements for growth, In contrast, in the UK, 
severe PEM is more commons seen in adults, usuaily 
in association with illiness (e.g. gastrointestinal disease). 
Although some of the features of PEM are common to 
both, the circumstances of each are different and they are 
considered separately here. 

PEM in Third World children Worldwide, PEM 


remains the most common disorder of infancy and child- 
hood: as many as 100 million children may be signifi- 
cantiy affected and it accounts for over half the deaths in 
the under-5 age group in developing countries. 

Two clinical syndromes of PEM are recognized in 
these children: marasmus and kwashiorkor. Marasmus is 
the commonest severe form of PEM and tends to occur 
earher in life than kwashiorkor, usually within the first 
year. Îr is classically associated with a diet that is very low 
in both encrgy and protein, as may occur if che infant is 
wéaned earky and fed with dilute breast muilk substirute. 
Affected mfants are grossly underweight for their age, with 
no fat reserves (and a conséquent wrinkled appearance to 
the skin) and severe muscle wasting, They are alert with à 
good or even voracious appeute and typically do not have 
ocdema. 

Kwashiorkor was first described in the early 1930s by 
Cicely Williams, It tends vo present between the ages of 
1 and 4 vears and is most common in poor rural children 
who are displaced from breasticeding by the next sibling 
and who are then fed on very low protein, starchy foods 
(e.g. based on maize, Cassava or plantains), The presenta- 
tion :s often more acute than that of marasmus, with 
oedema, irnitability and a characteristic desquamation and 
scaly cracking of patches of the skin. Hepatomegaly is 
often present, due to fatty infiltration of the liver, The 
oédema 1s associated with hypoalbuminaemia. 

The classic explanation for the rwo different syndromes 
rests on the difference in response to a diet poor in protein 
and energy and one poor in protein but with relatively 
more Carbohydrate. The latter leads to insulin secretion 
being maintained and thus a relative sparing of muscle 
orotein. This bmits even futher the amino acids available 
for the synthesis of hiver proteins, in particular albumin 
(Meading to hypoalbuminaemia and oedema} and lipo- 
proteins (leading to the accumulation of lhipids in the 
hver). However, it has been observed that children from 
the same community, on apparently similar diets, may 
develop either marasmus or kwashiorkor, so it would 
séem that differences in the ratio of protein to energy are 
not the whole explanation. Other suggested factors in- 
clude those intrinsie to the child (there is some evidence 
that there are differences in cortisol secretion berween the 
two groups) and extrinsic effects such as deficiency of 
other nutrients (such as zinc and possibly essential fatry 
acids) and ingestion of toxic factors (e.g. aflatoxins). 
There also seems to be an increase in free radical injury in 
kwasmorkor, due both to mcreased free radical activity 
and deficiency of antioxidants. 

In practice, marasmus and kwasliorkor Can be re- 
garded as the two ends of a spectrum of severe PEM. A 
chinical classification of malnutrition based on this idea is 
shown in Table 10.4, although it should be remembered 
that oedemma may sometimes be due to coexistent disease 
rather than malnutrition. This classification does not dis- 


| Percentage of normal With ocdema 
weight for age 


tinguish the chronically malnourished child who adapts by 
decreasing linear growth so that height and weight are in 
proportion but are both low for age — the nutritional 
dwarf. 

PEM in Western adults Studies of both medical 
and surgical inpatients in Western countries concur in 
their detection of a significant proportion of patients with 
PEM, although variation in the criteria used to define 
this means that the exact prevalence is uncertain, Even in 
severe cases, caution is required in applying the maras- 
mus/kwashiorkor distinction to such patients, since the 
presence of hypoalbuminaemia or oedema is more likely 
to be due to the underlying illness than malnutrition. 
Nonetheless, severe PEM in such patients has important 
effects. Wasting of respiratory muscles increases the risk 
of chest infection and may delay weaning from a ventila- 
tor. Myocardial function may be impaired and skeletal 
muscle wasting delays mobilization, with a consequent in- 
creased risk of thromboembolism or bed sores. PEM also 
results in impaired resistance to infection and gut perme- 
ability may be increased, allowing entry of bacteria and 
toxins through the gut wall. Apathy and depression impair 
active efforts at recovery and may also impair appetite, 
worsening the situation further. 


Obesity 


Obesity is a condition in which body stores of fat are 
increased. Ît appears to occur almost exclusively in mam- 
mals. The most useful definition of obesity in man is a 
body mass index (BMD) of 30 or above, since the BMI 
is easy to measure and the adverse effects on mortality 
become manifest above this figure. However, people with 
lesser degrees of overweight (BMI in the range 25-30) 
may still wish to lose weight for social or aesthetic reasons 
and from a medical point of view it is important to en- 
Courage them to do 50, as gross obesity is much harder to 
treat. In the UK, approximately 10% of the adult popula- 
tion (excluding the elderly) has a BMI of 30 or above. 
Obesity is important because it is associated with an 
increase in mortality and morbidity. Obese people are 
more likely to develop non-insulin-dependent diabetes 
mellitus, hypertension, cerebrovascular disease and coro- 
nary artery disease, More cholesterol than usual is se- 
creted into the bile, increasing gallstone formation. 
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Arthritis, hernias, varicose veins and accidents are more 
likely to occur, presumably from the mechanical effects of 
increased far stores, Obesity is associated with polycystic 
ovary disease in women. There is an increased mortality 
from cancers of the colon, rectum and prostate in obese 
men and of the gallbladder, uterus, ovary and breast in 
women. 

Sometimes the cause of weight gain is obvious, for 
example, due to a sudden decrease in energy expenditure 
(e.g. change to a less active job) or an increase in energy 
intake (e.g. overeating associated with stress). More often, 
the cause is not obvious. Endocrine disturbances (e.g. 
myxoedema, Cushing’s syndrome) are uncommon causes 
of overweight. Research into the causes of obesity is ham- 
pered by the fact that it is not possible to identify and 
study obese people before they start to gain weight and 
because overfeeding normal humans for extended periods 
is unethical. However, it does seem that there is a genetic 
tendency to obesity and that on average obese people have 
higher (not lower) metabolic rates than slim people. 

Treatment of obesity is worthwhile, since although car- 
cinogenesis or arterial damage cannot be reversed, other 
features such as hypertension and glucose intolerance do 
respond to weight loss. The basis of treatment is reduction 
in dietary energy intake, but this has to be prolonged ro be 
successful and in practice is often not sustained. Exercise 
is helpful, not particularly because of the energy used, but 
because it promotes a sense of well-being and has benefi- 
cial effects on general health. Appetite suppressant drugs 
are not generally considered to be useful and jaw wiring 
and gastric surgery are reserved only for extreme cases. 


Ischaemic heart disease 


The three main risk factors for ischaermic heart disease are 
a raised plasma LDL (or total) cholesterol concentration, 
arterial hypertension and cigarette smoking. Dietary fac- 
tors have a role in the aetiology of the first two. LDL 
cholesterol is increased by diets rich in saturated fatty 
acids, particularly palmitic (C16:0) and mynistic (C14:0) 
acids, while it is reduced by cis-polyunsaturated fatty 
acids and, to a lesser extent, monounsaturated fatty acids. 
The cholesterol content of the diet appears to be less im- 
portant, Non-starch polysaccharides, particularly soluble 
NSPs, may have a cholesterol-lowering effect, but this is 
difficult to separate from the way NSP-rich foods are 
Lkely to displace foods containing fat from the dier. À 
moderate alcohol intake may be beneficial in raising the 
plasma HDL concentration. 

Sustained high salt intake may be a factor in the aetiol- 
ogy of essential hypertension and reduction of salt intake 
can certainly help in the management of mild to moderate 
hypertension. Obese people are more likely to have hyper- 
tension than lean people and weight loss can lead to a 
fall in blood pressure (and, indeed, to improvement in 
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hyperlipidaemia). À high alcohol intake also causes a rise 
in blood pressure, which improves if the intake is reduced, 


Dental caries 

Non-milk extrinsic sugars are the main dietary compo- 
nents associated with dental caries. Streptococcus mutans 
metabolizes these to lactic acid, which dissolves the dental 
enamel and also polymerizes some of the sugars to form 
an insoluble polysaccharide coating, under which the 
bacteria are shielded. Other carbohydrates are potentially 
cariogenic, but it seems to be the non-milk extrinsic 
sugars which are important in practice. 

Dietary fluoride, for example in fluoridated drinking 
water, is also important in preventing the development of 
dental caries. À concentration of 1 mg/L. increases the re- 
sistance of the enamel, particularly if the exposure occurs 
while it is being laid down prior to the tooth erupting, and 
reduces tooth decay in children by about 50%. 





Many associations have been noted between specific di- 
etary components and various cancers (Table 10.5). The 
overall risk of cancer appears to be highest in populations 
consuming diets high in fat and energy, where people are 
obese and alcohol intake is high. Diets that are high in 
‘fibre’, particularly those with a high fruit and vegetable 
content, appear to offer some protection from certain can- 
cers. Other diet components may be important, for exam- 
ple, the various antioxidants (e.g. vitamins À, C and E, 
sclenium) and food additives and contaminants, but the 
precise relationship with cancer risk is not well defined. 








Details of therapeutic diets can be found in textbooks of 
dietetics, but the main features of some of the commoner 
ones are summarized in Table 10.6. 


Provision of nutritional support 


Deficiencies of specific vitamins or minerals are treated 
by appropriate supplementation of individual nutrients, 
which could be thought of as a form of nutritional sup- 
port. However, the term is usually used to mean the provi- 
sion of balanced mixtures of nutrients to replace all or part 
of normal food intake, This can vary between encouraging 
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the patient to take liquid supplements in addition to a 
normal diet to supplsing all nutntional requirements 
intravenously. 


Indicanons for nutrinonal support 


The basic indications for nutriional support are mtestinal 
failure (e.g. massive bowel resection) and inability to eat 
(e.g. in neurological diseases which affect swallowing). 
However, malnutrition can occur when neither of these 
basic indications is present (e.g. for socioeconomic rea- 
sons) and starvation can be tolerated for short perioüs 
without apparent harm as long as appropriate fluid re- 
placement 15 given. Thus it is usually accepted that 
nutritional support is irdicated for: 


® mainourished patients; 

®* patients likely to have prolonged poor food intake in 
the future, whatever their nutritional status at present: 

® patients with higher than normal nutritional 
réquire ments; 

® pauents with conditions where nutritional intervention 
has been specifically shown to improve outcome. 


What is less well accepted is how the first three groups 
are defined. Also, the last group does not necessarily en- 
compass all of the other three and this is discus «ed further 
below. 


Means of nuintional support 


It is generally agrecd that wherever possible the gut, rather 
than the intravenous route, should bé used to déliver nu- 
tritional support, There are several reasons for this. There 
appears to be no metabolic advantage in intravenous feed- 
ing and there are some positive advantages to enteral feed- 
ing. Nutrients are needed in the gut lumen to maintain 
the structural and functional integrity of the gastro- 
intestinal tract, Enteral feeding also stuimulates gallbladder 
motility and thus reduces any tendency ta cholelithiasis. 
Only a limited proportion of certain nutrients Is actually 
absorbed from the gut and in general the enteral require- 
ments of specific nutrients are better understood than 
parenterai requirements. Enteral feeding can suppls the 
gut-specific substrates glutamine and short chain fatty 
acids, which are not usually present in commercial paren- 
teral feeding solutions. Enteral feeding is also less hazard- 
ous than use of the intravenous route and in financial 
terms is much the cheaper of the two options. 

Strictly, enteral nutrition support includes manoeuvres 
such as simply encouraging patients to éat or providing a 
normal diet in liquidized form when solid food cannot be 
taken (e.g. for patients with an oesophageal stricture). 
However, while neglect of this sort of basic care can lead 
to malnutrition, ‘enteral support” 1s usually taken to begin 
with the addition of supplements or ‘sip feeds’ to attempts 
to eat a normal diet. If the gut is functioning but an 
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adequate intake cannot be achieved by this technique, 
then liquid feeds can be introduced directly into the gut 
by means of a tube, cg. a nasogastric tube, The newer 
fine-bore feeding tubes are relatively comfortable and are 
tolerated by most patients and mean that liquid feed 
formulations can be given independentiy of appetite or 
swallowing difficulties. 

If che nasogastric approach is not tolerated, or if long- 
term enteral feeding is planned, then the feeding tube may 
be inserted directly into the stomach vis a gastrostomy. 
Since patients requining gastrostomy feeding arc often 
poor candidates for general anaesthesia, the percutaneous 
endoscopic gastrostomy (PEG) is to be preferred to the 
older surgical technique: PEGSs are quicker, safer and 
cheaper. 

Where gastric regurgitation, with its risk of pulmonary 
aspiration of feed, is thought likely to be a problem, long 
fine-bore tubes can be used to deliver the feed directly 
into the duodenum or jejunum. 

In patients where the gut is not functioning, parentéral 
feeding has to be used, Parenteral feeds are hypertonic 
and tend to cause phlebitis if infused into peripheral veins 
and s0 infusion into a central vein (often the subciavian) 
has usually been recommended, This is still the route of 
choice for long-term parenteral feeding, but for shorter 
term fecding (eg. 2 wecks or less) peripheral line feeding 
has become more popular of late, Success of peripheral 
line feeding is improved if the osmolality of the feeding 
solution is kept as low as possible (e.g. by using all-in-one 
formulauons with a relatively high proportion of fat}, by 
the use of glyceryl trinitrate patches near the site of infu- 
son and by regularly changing thé cannula site. This 
route avoids some of the serious complications which can 
occur as a result of central venous catherizarion. 

Bath enteral and parenteral routes have been success- 
fully used in the home environment for patients with 
long-term feeding problems. 


Prounsion of nutnional suphert 


Patients receiving tube feeds have functoning guts, so the 
content of the feed should not be crucial. However, 
although ‘in house’ enteral feeds can be prepared, these 
are not generally recommended. The feed reservoir is an 
ideal growth medium for bacteria, s0 sterile preparation is 
essential and with fine-boré tubes, the consistency of such 
feeds often causes tube blockage, Feeds prepared in this 
way also tend not t6 have a standardized day-to-day con- 
tent, In general, therefore, commercially prepared formu- 
lations are used, usually consisting of a mixture of glucose 
polymer, protein and long chain triacviglvcerols in a water 
base. Suitable quantities of vitamins and minerals are also 
incorporated. ‘Elemental’ feeds are also available but are 
much more expensive and only have limited applicanions 
(see below). 


196 CLINICAL MOCHEMISTRY 


Of particular interest in enteral feeding are the gut- 
specific fuels glutamine and short chain fatty acids. Glu- 
tamine forms a major energy source for enterocytés in the 
postabsorpuve state and glutamine and ketone bodies 
from the bloodstream are their main fuels in starvarion. 
Glutamine also seems to be an important substrate for the 
immune system. Parenteral nutrition solutions generally 
do not include glutamine because of problems with its 
stability and intérest has arisen in supplementing both 
enteral and parenteral feeds with gluramine in one form or 
another. 

Enteral formulations generally contain glutamine as 
part of their protein content and addition of extra glu- 
tamine has vet to be shown to improve clinical outcome. 
In exclusivelv TFN fed patients, the increased gut perme- 
ability and villous atrophy which usually develop are re- 
versed by the addition of gluramine (either as the free 
amino acid immediately before administration or as a sta- 
blé dipeptide). However, early restoration of at least some 
entcral fecding remains the best way of achieving this. 
At present, rnuch work on glutamine 1s based on animal 
studies, its régulation is not understood and the best route 
and dose for supplémentation remain to be elucidated. 

Short chain fatty acids are normally formed in the gut 
when non-absorbed carbohydrate enters the colon and is 
fermented by the intestinal bacteria. The important ones 
in man are acctate, propionate and butvrate and they are 
all taken up and metabolized locally by the colonocytes, 
Addinon of fibre to enteral feeds would therefore be 
expected to improve colonocyte function. Medium chain 
triacylglvcerols may also have a role in enteral feeding in 
some circumstances, since they can be absorbed in the 
presence of fat maldigestion and malabsorption, but thev 
have a lower energy vield than long chain triacylglycerols 
and have a vanety of unwanted effects, being particularly 
contraindicated in liver disease. 

Parenteral fecding solutions are usually all-in-one 
mixtures of hypertonic glucose solutions, amino acid solu- 
tons and lipid emulsions together with standard quanti- 
ties of minerais and vitamins. Provision of up to 50% of 
energy as lipid reduces the osmolality of the emulsion, 
lessens the chance of hyperglycaemia, provides a more 
appropriate fuel for the seriously ill and gives rise to less 
carbon dioxide than metabolism of the equivalent amount 
of glucose (this may be important in patients with respira- 
tory failure), The usual ratio of nitrogen to energy is 1 g to 
100-159 kçal. 

In some hospitals TFN formulations are made up imdi- 
vidually according to individual patient requirements, but 
in fact use of a standard ‘big bag’ regime is often success- 
ful, as long as the patients do not have specific contra- 
indications, e.g. hyperkalaemia, renal failure. Although mn 
the past patients with multiple trauma and sepsis have 
been thought to have markediy increased energy require- 


ments, studies using indirect calorimetry at the bedside 
bave shown this only rarely to be the case. 

Specific promotors of anabolism (e.g. growth hormone, 
insulin-like growth factor 1) may have a role in seriously ill 
patents bemg fed parenterally, but they are not yet in 
Common use. 

Caution 1s required when changing from enteral to 
parenteral nutrition or vice versa, since nutrient content 
of the fccds 1s not always expressed in the same way. En- 
teral feeds generally have their energy content expressed 
as total energy, Whéreas parenteral feeds usually quote 
non-nitrogen energy. Enteral feeds also usually quote 
protein content whereas for parenteral feeds, since they 
contain only amino acid mixtures, the nitrogen content 
is given. Finally, it is not safe to assume that the enteral 
dose of micronutrients can be given safely parenterally - 
the enteral requirement often makes an allowance for 
incomplete absorption. 


Value of nusritional support 


Patients who have had total gut resecnion would clearly 
starve to death without nutritional support, as would those 
who have long-term mechanical problems with eating, 
and clinical trials are hardly necessary to establish this. 
The situation 15 less clear Cut with the provision of shorter 
term nutritional support in hospital patients. Although 
common sense suggests that malnourished patients will 
not do as well as well-nounished patients with the same 
condition, there 1s actually htile hard evidence thus far 
that nutriuonal support 15 of benefit. [rt 3 also important 
to remember that improvement in measured parameters 
(e.g. skinfold thickness} is not necessanly the same as an 
improvement in clinical outcome. 

Controlled trials have shown the benefit of ‘sip feed’ 
supplements in the care of the elderiy and in patients with 
a fracture of the neck of the femur. 

In patients requining surgery, trials of perioperative nu- 
tritional support have produced conflicting results, largely 
due to differences in trial design, but in general oniv show 
it to be of overall benefit in those patients who are severely 
malnourished. 

In Crohn's disease, elemental enteral feeds have been 
shown to be effective in achieving short-term, but not 
long-term, chimical remission, although the reason for this 
is not known. (Elemental feeds contain glucose olgo- 
saccharides, amino acids and either médium chain triacyl- 
glvcerides or a very low far content.) Parénteral nutrition 
can also be used in Crohn's disease, although this is 
principally aimed at maintaining nutriton rather than 
achieving remission. 

Nutrinional support (in particular, parenteral nutrition) 
is commonly used in the treatment of gastromtestnal 
fistulae. Although there has been no definitive trial of 


this, rétrospective studies indicate that this does improve 
chmical outcome. 

There also seems to be a therapeutic role for parenteral 
nutrition in severe acute pancreatitis, Although hyper- 
tnglycernidaerma 1s itself associated with pancreatitis, it 
appears to be safe in most cases to include lipid in the 
formulation, 

Nutritional support in renal failure and hepatic failure 
requires close monitoring and special feeds. Parenteral 
feeds in renal failure have Lo be low volume with a high 
energy density, with restriction of the nitrogen, sodium, 
potassium and phosphate content. Patients with liver 
failure can often be fed enterally, although if parenteral 
feeding is necessary then a low volume, low sodium for- 
mulation will be required. The use ofbranched chain amino 
acids as a nitrogen source has beën advocated in the past, 
but is of no proven benefit and may even be harmful. 


Menitorme of nurrhonal support 


In patients receiving enteral nutrition, it is important to 
kecp accurate records of exactly what they have managed 
to swallow or what has actually gone down the tube in 
each 24 hour pénod. It is also useful, particularly when 
beginning tube feeding, to keep accurate daily fluid input/ 
output records so that, for example, if diarrhoea is a 
problem then appropriate additional fluid replacement 
can be given. 

The efficacy of treatment can often be judged by an 
improvement in the gencral well-being of the patient after 
a week or so, but nt 1s also useful to weigh the patient both 
before and regularly after starting the feeding regime. In 
patients who cannot be weighed, serial measurements of 
mid-arm circumierence and triceps skinfold may occa- 
sionally be necessary. Biochermmcal monitoring is probably 
less important than in parenteral feeding, but it is still 
useful to monitor plasma glucose, potassium and phos- 


phare when feeding begins, particularly after a period of 


starvation, and in long-term feeding regular checks should 
be made of plasma calcium, magnesium and zinc concen- 
trations, together with the standard liver function tests 
and à full blood count. 

In parenteral nutrition i is also important to keep 
records of exactly what has been infused into patients, 
although tlus should ideaily be one ‘big bag’ every 24 h. It 
:s also important to maintain a record of fluid balance, as 
patients with excessive losses {e.g, through a fistula) may 
require extra intravenous fluids in addition to the ‘big 
bag’. Since infection 1s an important complication of 
central line TPN àt is important to monitor the patient's 
temperature regularly. 

Às with entéral nutrition, regular weighing is useful 1f 
the feeding is long term, although if this 15 not possible 
then serial measurements of mid-arm circumference and 
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triceps skinfold may again be used, Biochemical monitor- 
ing is important in parenteral nutrition, particularly when 
first started, as there may be dramatic changes in plasma 
potassium, glucose and phosphate which need appropri- 
ate action (see below). In the long term, serial measure- 
ments of plasma proteins (eg. albumin) may indicate 
whether the nutritional support is being successful and, 
again in the long term, checks on plasma trace elements 
may be useful, if only to prevent supplementation Lo toxic 
concentrations. 


Metabolic complicatuons of nutritionai support 


Enteral feeding by fine-bore tube is usually well tolerated, 
the important non-metabolic complications being diar- 
rhoea and aspiration pneumonia. In central line TPN the 
main non-metabolic complications are related to the feed 
ing line, either arising during insertion or later, when the 
most serious Concern 15 Infection. 

Although acute changes in potassium, glucose and 
phosphate can occur when refeeding by the enteral route, 
the metabolic complications of nutritional support are 
generally more important in parenteral feeding. Glucose 
intolérance 15 common in TPM and if detected, should 
be controlled with a penipheral insulin infusion. Abrupt 
cessation of TPN is sometimes said to precipitate hypo- 
glycaemia, although not all studies have confirmed this. 
With refeeding, both potassium and phosphate are taken 
up by cells and plasma levels can decrease abruptiy. This 
is generally a problem when feeding is started and must be 
corrected by appropriate supplementation of the feed. 
Once feeding 1s established, standard quantities of both 
potassium and phosphate usually prove to be sufficient. 

Müild hyponatraemia is a common observation in pa- 
uients receiving parenteral nutriuion and does not usually 
indicate anything about total body sodium content. 

Hypercalcsemmia can occasionally occur in patients re- 
ceiving TPN which includes a viramin D supplement and 
hypocalcaemia can also occur 1f insufficient supplements 
are given. Hypocalcaermia of unexplained origin should 
prompt measurement of the plasma magnésium concéntra- 
tion as hypomagnesaemia may itself cause hypocalcaemia. 

In general, it is not necessary to monitor plasma vita- 
min concentrations as the standard regimes in common 
use contain adequate amounts. This is also true of most 
trace elements, although it is worth checking the blood 
count regularly to ensure adequate supplies of haema- 
tinics and it is common practice to measure plasma zinc 
regularty, although the problems with interpretation of re- 
sults have already been outlined. In general, additional 
zinc should only be given if there is either clinical evidence 
of deficiency or 1f there is good reason to suppose that 
large amounts of zinc are being lost from the body (e.g. 
through an intestinal fisrula). 
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Abnormal liver function tests are often observed during 
parenteral nutrition, in particular increases in the plasma 
activities of the ‘hiver enzymes”. While this may be due to 
the underlying iliness, it is more often due to muld hepatic 
steatosis and is most likely vo occur if energy 15 supplied 
in excess of requirements, although many other factors 
may be involved, In adults, the reintroduction of enteral 
feeding leads to improvement, usually with no long-term 
sequelae, In children, irreversible liver damage can de- 
velop, but this does not happen in adults. 
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CONCLUSION 


Chnical nutrition is a huge topic, with many different pro- 
fessions and specialties involved, Although biochemical 
tests have their limitations in measuring nutritional status, 
it is important for the clinical biochemnist to be aware of 
these, in order that the tests are not used inappropriately. 
À team approach is generally regarded as the best way to 
provide nutritional support and che clinical biochemist has 
a cléar role in the nutrition team. 
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INTRODUCTION 


More obviously than for any other problem in clinical 
gastroenterology, the wide group of different conditions 
collectively known as ‘malabsorption” are associated with 
disordered biochemistry. It follows that a clear under- 
standing of both the normal processes of absorption and 
the ways in which they can be disturbed is crucial to iden- 
tifying the role that clinical biochemists play both in the 
climical diagnosis and the assessment of the response to 
treatment of malabsorption. 

Let us, however, begin this chapter with patients rather 
than molecules, The spectrum of disease that may result 
in malabsorpuon is wide and it is perhaps not always 
appreciated that the range of disorders of absorption can 
vary from the highly specific malabsorption of a single 
substance, as in the case of vitamin B,, deficiency in 
pernicious anaemia, to the malabsorption of a wider 
and more complex range of malabsorbed nutrients and 
minerals such as can be seen, for example, after extensive 
resection Of the small intestine. It can reasonably be 
predicted, then, that the different ways in which patients 
with malabsorption present to the doctor reflect both the 
range of malabsorbed substances and the severity of the 
malabsorption, 

Sometimes patients with malabsorption do not even 
notice they are ill. Mild chronic anaemia as a result of 
iron malabsorption can be asymptomatic and, not infre- 
quently, patients with coeliac disease only realize, in retro- 
spect and after starting a gluten-free diet, that they have 
‘not been right’ for vears. 


Malabsorption 


The chmcal presentation of malabsorpnon 


There is no specific clinical presentation of malabsorption 
which, in practice, is one of its intellectual attractions as 
well as one of its frustrations. Examples of the range of 
presentations of malabsorption are shown in Table 11.1, 
They can be due to the resulting nutrient deficiency or to 
" effects of retention of non-absorbed nutrients in the 


ki is usual for patients with generalized malabsorpuon 
to note some disturbance of bowel habit, usually diar- 
rhoca — a term which is not easy to define precisely. 
Strictly, gastrointestinal physiologists regard diarrhoea as 
a state in which stool weight (or volume) is in excess of 
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200 g Cor 200 mL), In practice, clinicians define diarrhoea 
as loose, frequent motions. Specifically, where there 1s 
malabsorption of fat, stools are bulky, pale, offensive, float 
in the pan and are difficult to flush. This is known as 
steatorrhoea. However, patients with malabsorption may 
have a variety of other, less specific abdominal symptoms, 
which can include discomfort or pain. Some degree of 
abdominal distension or bloating is common and may 
be due to fermentation of undigested carbohydrate by 
colonic bacteria. 

Ie is by no means the rule that malsbsorption results in 
symptoms directly referable to the gut. Deficiency of a 
single nutrient can give rise to remote symptoms. For 
example, patients might present with some (or ail) the 
symptoms of ansaemia as a result of lack of iron, folate or 
vitamin B,, - or any combination of these, An alternative 
but cqually remote presentation nught be a fracture of a 
bone, either spontaneously or after minor injury, as a re- 
suit of osteomalacia induced by vitamin D malabsorpuion. 
It is important to realise that an individual deficiency can 
give rise to a range of symptoms. Thus. B,, malabsorption 
can lead to anaemia but can also present with altered 
cutaneous sensation, chumsiness or even paralysis as a 
result of neurological séquelae. 

Although malabsorption is a gastrointestinal syndrome, 
it is not only to physicians with an interest in that specialry 
that patents with malabsorption can present. À general 
physician may $ée à patent who complans only of tired- 
néss or general malaise. Such symptoms are common in 
practice and are clearly not specific, but chey do explain 
why some patients may be aware for many vears that all is 
not well before the diagnosis is made. Finally, the whole 
clinical picture can be deminated by the symptomes 
produced by the underlyving condition, For example, the 
pancreus is a key organ in the produchon of enzymes nec- 
essary for the hydrolysis of à varicty of nutrients. Severe 
chronic pancreatic disease can produce malabsorpnon 
from exocrine insufficiency, but symptoms can include 
the pain that is often a result of pancreatic disease or the 
endocrine features which follow the destruction of the 
islets of Langerhans. It should be appreciated that some 
patients with Chronic pancreatitis may have neither pain 
nor glucose intolerance despite profound steatorrhoea. 

Precisely because the clinical features of malabsorption 
are s0 capricious, it présents challenges to those involved 
in its evaluation. Ît rapidilvy becomes apparent that to 
understand the chimical and metabohc disturbances of 
such a heterogeneous problem, it is first necessary to 
understand the normal physiology of digestion and ab- 
sorption, Since anaemia is a relatively common feature 
of gastrointestinal disease, the viramins and minerals in- 
volved in blood formation are first considered in some 
detail. Then the digesnon and absorption of the macro- 
nutrients (carbohvdrate, protein and fat} are considered, 
followed by à brief section on other dietary constituents. 


IRON, FOLATE AND VITAMIN B,, 

Iron 

Iron is an essential component of haemoglobin (which 
accounts for approximatels two thuirds of the total body 
on) and of myoglobin. Ir is also an important part of 
some enzymes, both in che form of haem (e.g. in cyto- 
chrome < oxidase, Catalase) and as an iron-suiphur com- 
plex (eg. in xanthine oxidase), Non-haëem iron is also 
important in DNA synthesis as it is essential for the 
function of ribonucleotide reductase. 

Apart from this physiologically active iron, the body 
aiso contains significant stores of protein-bound iron (free 
iron is toxic). Ferritin is the principal tissue iron storage 
protein and is found in all cells, although most iron is 
stored in the reticuloendothelial system. The amount 
of another tissué iron storage protein, haemosiderin, 
increases in iron overload. Haemosidernin is probably de- 
nved from fernitin and iron stored in this form may be less 
potentially toxic than that in ferritin, À small amount of 
ferritin is present in the plasma and although this is not 
important in térms of iron transport, H$ concentration 
doës reflect the tissue content of ferritin. 


dron absorprion 


The best dietary sources of iron are liver, meat and fish, 
with vegetables, eggs and dairy foods being less good. 
Only about 5-10%% of dietary iron is absorbed by healthy 
adults on a mixed diet, aithough the proportion absorbed 
is dependent on a number of factors, amongst which are 
the form in which the iron is ingested and the degree of 
repletion of the body's iron stores. In general, haem iron 
is absorbed better than iron from non-haem sources. 
Although some of the controlling events in the intestinal 
lumen and within the enterocvte have been defined, the 
story of iron absorption 1s still mcomplete, In particular, 
the way that the body signals to the gut to enhance iron 
absorption in states of iron deficiency has not been estab- 
lished, although several quite plausible mechanisms have 
been postulated. 

Luminal events in iron absorption Hydrochioric 
acid in the gastric lumen contributes to iron absorption, 
particularly of the non-haem form. Some iron is released 
from food after acid-peptic digestion, but the main role 
for gastric acid is in the prevention of the formation of 
insoluble iron complexes. Certain amino acids and small 
peptides, together with the reducing agent ascorbic acid, 
render inorganic iron more soluble, By contrast, certain 
dietary factors such as phosphates, phytates and tannates 
tend to bind free iron, making it insoluble. The relative 
importance of gastnc acid and dictary factors has not 
been unequivocally established, but they are unlikely to 
be of more than minor significance in most cases. Iron 
deficiency is an uncommon problem in patients with 


pernicious anaernia (where patients have achlorhydria) or 
in those on long-term ormceprazole treatment (where the 
mean intragastric pH is 5 or higher). 

Haerm iron absorption, however, does not seem to 
be affected by other dietary constiruents or gastric acid. 
Haëem proteins are most soluble at neutral pH, so they are 
digested in the duodenum. 

Enterocyte events in tron absorption The duode- 
num is the site of most of the absorption of both haem 
and non-haem iron. Iron uptake is by active transport but 
it has not been established whether this is à rate-limiting 
control stép in iron absorption. 

The iron taken up by the mucosal cell is either stored 
as ferritin or transported across the serasal surface into the 
plasma. Little is known about the latter process, but in the 
plasma transterrin 1s the important iron transport protein. 
It is synthesized in the liver at a rate inversely proportional 
to iron stores (so plasma concentrations rise in iron defi- 
ciency). Each molecule has two iron binding sites and tis- 
sue transferrin receptors have a higher affinity for fully 
saturated transferrin, The number of transfernin receptors 
appearing on the surface of red cell percursors may be 
related to iron requirements for haemoglobin synthesis. 

Control of iron absorption À major factor which 
governs whether iron undergoes mucosal storage or trans- 
fer into plasma is the state of body tron stores: in iron 
deficiency less 1s stored in the mucosa and, conversely, the 
homoeostauc mechanism allows for the entérocyte 10 
retain surplus iron which is eventually lost to the body as 
the mucosal cell exfoliates. This much is clear, but the 
molecular events involved in signalling to the cell to re- 
lease its iron are less so, as can be gathered from the fact 
that several credible (but unproven) theonies of regulation 
have been proposed, In pregnancy or iron deficiency the 
proportion of dietary iron absorbed may rise 10 20-30. 
Although there are small obligatorv iron losses from the 
body (e.g. in desquamated intestinal cells}, there is no 
major CXCrÉTOTY route, 


Iron deficiencv 


Iron deficiency is the commonest cause of anaemia across 
the world. It is also the most frequent cause of anaemia 
with a hypochromic, microcvtic blood picture (other hypo- 
Chromic anaemias include the thalassaemias, sideroblastic 
anaenma and sometimes the anaemia of chronic disease). 
The anaemia may be associated with glossitis, angular sto- 
matins, keilonychia and unusual dietary cravings. There 
may also be adverse effects on intellectual performance, 
behaviour and work capacity, together with complex 
effects on resistance to infection. 

In practice, blood loss is a far commoner cause of 
iron deficiency anaemia than malabsorpüion. When iron 
deficiency is due to malabsorption, common underlying 
causes include previous gastric surgery (especially a Polya 
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gastrectomy) and disorders of the main sites of iron 
absorption in the duodenum and upper jejunum (such as 
cocliac disease). Certain groups of individuals (c.g. in- 
fants, chuldren, pregnant women) have higher than usual 
réquirements for iron. 


Îron excess 


Iron toxicity may be acute or chronic. Acute iron poison- 
ing occurs most frequent}y in children and can be fatal, 
Chronic iron overload usually occurs as a result of haemo- 
chromatosis (see Ch. 13) 6r the repeated blood transfu- 
sions needed in certain haematological conditions (see 
Ch. 26). Chronic iron overload as a result of increased 
dietary iron intake does not usually occur, although it may 
be a factor in the iron overload seen im some patients with 
alcoholic hiver discase: some alcoholic drinks have high 
iron contents and alcohol increases iron absorption. 


Assessment of iron status 


Iron deficiency Suspicion of iron deficiency may 
be raised by appearances in the periphéeral blood film, 
but other tests of iron status are necessary since these 
changes are not completely specific for iron deficiency and 
may also be party obscured by concurrent deficiency of 
vitamin B,., or folate. 

Although bone marrow aspiration is not usually carried 
out solely to assess iron stores, staining for iron in the 
aspirate in iron deficiency reveals a complete absence of 
storage 1ron in macrophages and of siderotic granules in 
developing red cell precursors. 

Plasma iron concentration fluctustes widely in healthy 
individuals and tends to fall in inflammatory conditions 
(although it rises in hepatitis). It is thus not a good test of 
iron deficiency, Plasrna transferrin concentration 1s usu- 
ally assessed by measuring the total iron binding capacity 
(TIBC} and with knowledge of the plasma iron concen- 
tration, the transferrin saturation can be calculated, This 
is usually around 33% and as transferrin rises in iron defi- 
iency and plasma iron tends to fall, a low saturation 
(< 109%) 15 charactenstic of deficiency. However, since 
this also occurs in conditions where iron stores are not 
depleted (e.g. the anaemia of chronic disease}, it is not 
diagnostic. 

Plasma ferntin concentration reflects tissue ferritin 
content and a concentration of less than 12 ug/L is diag- 
nostic of (and probably the best test of) iron deficiency. 

The free protoporphyrin concentration in erythrocytes 
increases in iron deficiency, but since this also occurs in 
lead poisoning, erythropoietic porphyria and some cases 
of sideroblasric annemua, the test is not in common usé. 

Finally, some of the cell surface transfernin receptors 
are released into the peripheral circulation and in the 
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future measurements of these may prove to be useful in 
asséssing iron Status. 

Iron overload In iron overload, transferrin satura- 
tion is usually increased to 100%. Plasma ferritin is also 
raised, but this finding is not specific to iron overload and 
so transferrin saturation is the better test in these circum- 
stances (particularly since an increase in the amount of 
saturated transferrin is directly related to the increase in 
tissue uptake of iron). 

In suspected acute iron toxicity, measurement of 
plasma iron alone is all that is needed to confirm or refute 
the diagnosis. 

Iron absorption Tests of iron absorption are not 
in routine use, although there are descriptions of several 
different techniques, most of which involve radionuclides 
of iron. These will not be discussed further. 


Folate 


Folates are a group of compounds derived from pteroyl 
glutamic acid (folic acid; Fig. 11.1). They are involved as 
acceptors and donors of single Carbon groups, especially 
in the synthesis of purines, pyrimidines, glycine and me- 
thionine (Table 11.2). Folate supplements in pharmaco- 
logical doses around the time of conception reduce the 
incidence of neural tube defects (NTDs)., The mechanism 
of this is unknown, although it would appear that not ail 
NTDSs are preventable in this way. 


Folate absorption 


The name ‘folate’ derives from the Latin for leaf (fohra) 
and leafy vegetables do contain folate, although liver, 
legumes, nuts, veast extract and wholemeal bread are also 
good dietary sources. 

Preroyl glutamic acid itself is not normally present in 
food or human tissues and even if given as a dietary sup- 
plement, is not physiologically acuve until reduced to 
dihydrofolate. The principal naturally occurring folates 


Single carbon donor 
 HO-formyl THF 
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5,10-methyiene THF 
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are tetrahydrofolaté, 5-methyl tetrahydrofolate and 10- 
formyl tetrahydrofolate, each of which usually has a 
variable number of glutamate residues attached. These 
polyglutamates must be hydrolysed to monoglutamates 
before absorption can take place. 

Polyglutamates are hydrolysed in the lumen of the 
proximal small intestine but the enzymes responsible 
appear to originate from the mucosal brush border. 
Additionally, lysosymal hydrolytic activity is present intra- 
cellularly. Pteroyglutamate is absorbed by active transport 
although there is evidence for passive absorption through- 
out the length of the small intestine. Within the entero- 
cyte, a substantial fraction of the absorbed folate is 
methylated and reduced to 5-methyl tetrahydropteroyl 
glutamate (5-methyl THF) and thence carried in portal 
venous blood. 

Monoglutamate 5-methyl THE is the main circulating 
form, but in food and tissues polyglutamate 5-methyl 
THE predominates. 


Folate deficiency 

Body stores of folate are not large and deficiency may 
arise because of inadequate dietary intake (prolonged 
boiling destroys much of the folate in leafy vegetables). 
Deficiency states may also be precipitated by increased 
demand (e.g. pregnancy or increased cell turnover) or 
by folate antagonists (e.g. methotrexate, pyrimethamine). 
Deficiency may occur in alcoholics, as even with adequate 
intake alcohol ingestion appears to increase renal excre- 
tion of folate, However, alcohol, together with sulphasala- 
zine, barbiturates and anticonvulsants, may have muluple 
effects on folate metabolism. Folate malabsorption may 
be severe in diseases affecting the intestinal absorptive 
surface such as coeliac disease and tropical spruc, As- 
corbate in food protects folate from oxidation and folate 
requirements may rise in ascorbate deficiency. 

Folate deficiency has similar effects on red cell matura- 
tion to B,, deficiency, causing a macrocytic anaemia with 
a megaloblastic marrow. Neutrophils with abnormal 
multilobed nuclei and giant platelets appear in the periph- 
eral blood, while other tissues with rapid cell turnover 
may be affected (e.g. the gut) and in infants and young 
children growth may be affected. The similarity in the 
haematological changes in B,, and folate deficiencies 
appears to be due to the creation of a functional folate 
deficiency when B,, is deficient (Fig. 11.2). 


Folate excess 


An excessive intake of folate would appear to be neither 
particularly beneficial (except in early pregnancy) nor 
toxic. However, caution is necessary in administering 
folate supplements alone in megaloblastic anaemia: if the 
cause is B,, deficiency, the megaloblastosis may be cor- 
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rected, but any neurological manifestations (e.g. subacute 
combined degeneration of the cord) are likely to get 
worse. 


Assessment of folate status 


Folate deficieney Both plasma and red cell folate 
can be measured, with plasma concentrations indicating 
recent dietary intake and red cell values generally reflect- 
ing tissue reserves. In folate deficiency both plasma and 
red cell folate are low, but in B,, deficiency the plasma 
folate tends to rise while the red cell folate falls (due to 
a failure of folate polyglutamate synthesis). Results in 
combined deficiencies may thus present some difficulry 
in interpretation. 

Tests of folate status involving measurement of the 
urinary excretion of formiminoglutamic acid (FIGLU) 
following a histidine load (increased in folate deficiency) 
are now obselete. 

Folate absorption Folic acid absorption tests have 
been described, but are of little use in normal clinical 
practice, Their only role is in the diagnosis Gf congemtal 
folate malabsorption, a rare condition presenting with à 
severe megaloblastic anacmia in the first 5 months of life. 


Vitamin B,, 


The molecular structure of cobalamin (vitamin B,.}) 1s 
based around an atom of cobalr, the only known funcuon 





CH 


Fig. 11.3 The corrin nng surrounding an atom of cobale which forms 
the core of cobalamen. The other two ligands to cobalt (above and 
below die planc of the corrin nngi, and subetituents on te prrrale 
uuts, are not shown. 


of cobalt in humans. This is at the centre of a corrin ring, 
made up of four pyrrole units in a similar manner to 
porphyrins (Fig. 11.3), with two other substitutions above 
and below the ring. vanations here giving rise to the 
various forms of cobalamin. Narurally occumng forms 
include methyli-, hydroxo- and adenosylcobalamins. The 
only reactions known to be dependent on cobalamin in 
mamimals are the conversion of L-methylmalonyl CoA 
into succinyl CoA and the formation of methionine by 
methylation of homocvsteine. 


B,, absorption 


Liver is the richest food source of B.., but it is present in 
almost all animal products including Gsh and milk and 1s 
also synthesized by certain micro-organisms. No vegetable 
food source consistentiy contains significant amounts of 
vitamin B,., unless contaminated with bacteria or algae. 

The mechanisms underlving B,; absorpnon are more 
complex than for iron or folate and require important con- 
tributions from the stomach, pancreas and terminal ileum. 

Lrminal events in B,. absorption Dietary cobala- 
min is bound to food proteins and must be freed by gastric 
acid, although there is no firm evidence that malabsorp- 
tion occurs in man from diseases or drugs that interfere 
with gastric acid secretion. Free cobalamin becomes 
bound to R binding proteins which are secreted in saliva. 
The panietal cells of the stomach secrete the glycoproren 
intrinsic factor (IF), which enters the proximal small 
intestine with the cobalamin-R protem complex. The 
complex is hydrolysed by pancreatic proteases and free 
cobalamin now complexes with intrinsic factor. The B..- 
[EF complex resists proteolytnic digestion and allows cobala- 
min to reach its site of active transport in thé térmunal 
ileum. 

Enterocyte events in B,, absorption  Ajthough the 
issue is unresolved, it appears that the intact B,,-IF com- 


plex is taken up by receptor-mediated endocytosis in 
terminal ileal enterocytes. B,. is hberated in thé epithehal 
cell and transported in blood after binding to the carrier 
protein transcobalamin IL. Vitamin B,, absorption is slow: 
cobalamin does not appear in the blood for some 3 hours 
after it arrives at the terminal ileurm and peak plasma 
concentrations are not reached for some 8 hours after 
ingeéstion. 


B,, deficiency 


Since adult body stores of cobalamin are high in relation 
to need and since most diets contain adequate amounts, 
dictary deficiency of B,, is rare. Ît is occasionally seen 
in strict vegctarians or vegans, However, B,, defciency 
occurs more commonly as a result of impaired absorption, 
either because of a deficiency of intrinsic factor (as in 
pernicious anaemia or following total gastrectomy) or 
because of disease of the terminal ileum. Body stores 
are such, though, that even following gastrectomy, B,, 
deficiency may nôt occur for several years. 

Although pancreatuic insufficiency might be expected 
to reduce B,. absorption as the B,.-R protein proteases 
would be deficient, in pracnce chinicallv important B,, 
deficiency is most unusual in pancreatic disease alone, no 
matter how severe. 

Vitamin B,, is involved in the processing of folate 
coenzymes (see Fig. 11.2) and so deficiency results in a 
megaloblastic anaemia in a similar manner t6 that séen in 
folate deficiency. Deficiency can also present with neuro- 
logical symptoms, which may be irreversible if the defi- 
ciency is prolonged, The cause of the neuropathy is 
uncertain, but it may be linked to decreased avaïilability of 
methionine, from which some choline {necessary for the 
formation of sphingomyelin and other phospholipids used 
in myelin synthesis) is formed, or to accumulation of the 
toxic metabolne S-adenosyl homocysteine. 


B,. excess 


Supplements of B,, may occagonally precipitate hyper- 
sénsinvity reactions, but otherwise there are no known 
toxic effects, even at daily doses of orders of magnitude 
greater than the physaological requirement. 


Assessment of H,, status 


B,, deficiency Suspicion of a deficiency of vitamin 
B,, or of folate may be raised by the finding of anaemia 
and macrocytuc red cells in thé peripheral blood, but there 
are other causes of macrocytosis (e.g. alcohol, liver dis- 
case, hypothyroidism) and so biochemical tests are useful 
in assessing B,, and folate status. 

The plasma B,, concentration is usually very low when 
body stores are low enough to Cause haematological or 
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neurological defects. Once deficiency is established, 
further tests are required to establish the cause, 

B,, absorption B,, malabsorption is assessed by the 
Schilling test. This is performed in two parts. In sum- 
mary, thé 24 h urinary recovery of an oral dose of radio- 
labelled B,, is measured in part one. In order to saturate 
potential binding sites for the oral B,., a ‘flushing’ dose 
of non-radioactive B,, is given intramuscularky at the 
beginning of the test, In part two, the test Îis repeated 
with the addition of oral intrinsic factor to see whether a 
low urinary recovery of labelled B., is corrected, À low 
urinary recovery in part one, becoming normal in part 
two, suggests that malabsorption is due to gastric disease, 
such as pernicious anaemua, Low recovery in both parts 
implies defective intestinal absorption as, for example, 
after resection of the distal ileum. 


CARBOHYDRATE ABSORFTION 
Dietary carbohydrates 


In most human diets, carbohvydrates are the principal 
source Of enetgy. The major form in the diet is starch, 
which accounts for about two thurds of dietary carbo- 
hydrate, the remaining third bemg made up of sucrose 
and lactose. Starch is a polymer of glucose consisting of 
two forms: amylose and amylopectin. Amylose consists of 
long, unbranched chains of glucose molecules joined by 
a@-1,4 links. Amvylopectin consists of chains of glucose 
molecules with branching points for side chains every 12- 
25 glucose molecules. At the beginning of the branch, 
there is an ©&-1,6 link. Sucrose and lactose are disaccha- 
rides, sucrose consisting of one glucose molecule bound 
to one of fructose, while lactose is a dimer of glucose and 
galactose, 


Digestion of carbohydrates 
Luminal events in carbohvdrate digestion 


The initial step in starch absorption is enzymatic digestion 
of &-1,4 links by salivary amvylase to release maltose 
(dimer of two glucose molecules) and maltotriose (trimer 
of three glucose molecules). The salivary enzyme is rap- 
idiy inactivated by gastric acid, but digestion continues 
with pancreatic amylase which cleaves c-1,4 bonds but 
not &-1,6 bonds. The end products are maltose, malro- 
triose, short branched oligosaccharides and &-imit dex- 
trins, the latter two of which are residual branched 
segments resulting from incomplete digestion of amylo- 
pectin. Both dietary oligosaccharides and those resulting 
from the action of amylase on starch are further digesred 
by the enterocyte. 


Enterocvte events in carbohydrate digesrion 


Carbohydrate digestion is mediated by enzymes in the 
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apical membrane or brush border of the enterocyte which 
convert sugars into monosaccharides. Three oligosaccha- 
ridases or disaccharidases have been identified: maltase, 
sucrase-isomaltase and lactase (Table 11.3). They are 
synthesized on the endoplasmic reticulum, transported to 
the Golgi apparatus and thence to the brush border. They 
are distributed throughout the length of the small intes- 
tiné but sucrase and lactase are in highest concentration in 
the jejunum. They are normally present in considerable 
excess so that absorpuon is the rate-hmiting step. This is 
not the case for lactose, which is hydrolysed much more 
slowly than the other sugars. 

The three main monosaccharides derived from the diet 
(glucose, galactose and fructose) are absorbed by satura- 
ble carrier-mediated transport systems in the luminal 
membrane of enterocytes. Secondary active transport 
of glucose and galactose occurs through a sodium co- 
transport system, driven by a sodium gradient dependent 
on Na”, K'-ATPase on the basolareral surface of the cell. 
Fructose absorption is not active, but occurs through 
carrier-mediated (facilitated) diffusion, Exit from the 
enterocyte for each of the monosaccharides is also through 
facilitated diffusion. 

Both the digestion and absorption of carbohydrates are 
highly efficient, but the process is incomplete, particularly 
for starch, whereby up to one fifth of dietary starch is not 
absorbed. The efficiency of starch absorption varies 
depending on the foodstuff from which it is derived. For 
example, rice starch is highly absorbed, but between 10 
and 20% of starch in wheat and certain beans enters the 
colon, 


Clinical aspects of carbohydrate absorption 


Carbohydrate in the large bowel is metabolized by colonic 
bacteria to produce short chain fatty acids (which are an 
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important energy source for colonocytes), methane and 
hydrogen. Malabsorption of carbohydrates tends to pro- 
duce osmotic diarrhoea as well as excessive flatus and 
associated abdominal discomfort. 

Inherited disorders of sucrasc-isomaltase have been 
reported but are very rare, Congenital glucose-galactrose 
malabsorption may be even rarer. However, lactase 
deficiency is common. 


Lactase deficiency 


Activity of lactase is highest in the carliest months of 
life, but levels of the enzyme decline after weaning. The 
prevalence of lactase deficiency is highly variable between 
races 50, for example, between 5 and 15% of northern 
Europeans have demonstrable hypolactasia or alactasia, 
but over 70% of Africans and Asians show deficiency of 
the enzyme, These figures have been determined by tests 
of lactose absorption and the vast majority of affected 
individuals show no clinical features. However, sympto- 
matic persons will experience some combination of nau- 
sea, bloating, abdominal discomfort and diarrhoea after 
ingestion of milk. To some extent, symptoms will depend 
on whether the enzyme activity is merely reduced or 
whether it is absent, In some individuals, colonic bacteria 
may reduce the osmotic load on the colon by metabolizing 
the undigested sugar. In practice, the diagnosis 1s often 
made by a therapeutic trial of milk withdrawal but meta- 
bolic tests are available (see below) and the diagnosis can 
be confirmed by assaying lactase activity in small bowel 
biopsy samples. Congenital lactase deficiency (1.e. lactase 
deficiency which is present at birth) has been described, 
but is extremely rare. 

The form of enzyme deficiency discussed above is 
usually known as primary lactase deficiency. However, a 
lactase deficiency may also complicaté mucosal diseases 
of the small intestine. This secondary lactase deficiency 
may occur in cocliac disease, tropical spruec, inflammatory 
bowel disease, radiation enteritis, chronic alcoholism with 
malnutrition and the enteropathy associated with acquired 
immune deficiency syndrome (AIDS). It may also accom- 
pany infections such as acute gastroenteritis or giardiasis. 


Investigation of carbohydrate absorption 

The glucose tolerance test is of no value. Even in severe 
mucosal disease, the ability to absorb glucose is usually 
unimpaired. Furthermore, blood levels of glucose are 
dependent on gastric emptying and metabolic factors 
unrelated to absorption of the sugar. 


Xvlose absorprion test 


A more useful test involves measuring the excretion of 
the pentose sugar, D-xylose. This sugar is only party 


absorbed by the proximal small intestine, so its absorption 
is affected by smailer changes in gut function than sugars 
(e.g. glucose) for which there is a large absorptive capac- 
ity. About half of the xylose absorbed is exereted in the 
urine; the remaindéer is metabolized or excreted in the 
bile, À protocol for the test 15 given in the appendix 
(p. 214} but briefly, the urinary excretion is measured for 
5 hours after an oral xylose load, An alternative measure 
of absorption is to measure the xvlose in blood taken at 
| hour after ingestion. The unne test 15 affected by renal 
funcrion, but may also be difficult to interpret if there is 
ascites (in which xylose accumulates}, rapid intestinal 
transit, blind loop syndrome (bacteria may metabolize 
the xvlose) and in the elderly, The test is sufficientiy un- 
reliable for many laboratories to have abandoned it. Its 
relability can be greatly enhanced by giving b-xvlose 
and 3-O-methyl-p-glucose and using the ratio of plasma 
concentrations at À h - this test is said to be capable of 
excluding coeliac disease in children. 


Lactose tolerance test 


This is analogous to the glucose tolerance test, but is used 
in suspected lactase deficiency (see appendix, p. 214). In 
essence, serial blood samples for glucose estimation are 
taken after oral ingestion of 50 g of lactose, À rise in blood 
sugar of less than 1.1 mmolL is indicative of lactose mal- 
absorpuion. The occurrence of the symptoms discussed 
above can give additional diagnostic information. 


Hydrogen breath rest 


The production of hvdrogen by bacterial fermentation of 
unabsorbed carbohydrate has been utilized in a number of 
different breath tests which have in common the detection 
of a rise in breath hydrogen after administration of an oral 
sugar. The apparatus is simple and the tests are easy to 
perform. 

In the detection of lactase deficiency, an oral test dose 
of lactose is given, which should cause an increase in 
breath hydrogen 1f it passes unabsorbed into the colon. 
However, there are inherent imitations in the detection of 
breath hydrogen, for example with smoking and hydro- 
gen production by oral flora. Carbohydrate may also be 
retained within the gut from an earlier meal. Abnormali- 
ties in gut transit and Conconutant antibiotic therapy can 
influence the result, Finally, some individuals fail to pro- 
duce hydrogen m the breath even when challenged with a 
non-absorbed carbohydrate such as lactulose. 


PROTEIN ABSORPTION 


The average Western diet contains some 80-100 g of pro- 
tein, which contains not only the amino acids necessary 
for protein synthesis but also provides some 10-15%% of 
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the energy content of the diet. In addition vo this dietary 
protein, the gut digests and absorbs a further substantial 
amount (perhaps 60 g) of endogenous protein derived 
from intestinal secretions, mucus and the shedding of 
mucosal cells. 


Ehigesnion of proteins 


Luminal digestion This begins in the stomach with 
the grinding and muxing action of the stomach on food 
particles exposed to gastnic acid and pepsin, Pepsi 1 
an endopepudase which cleaves inrémal pepude bonds 
adjacent to hydrophobic amino acids, but which 1s rapidly 
inactivated above acid pH as food enters the duodenum. 

In the proximal small imtestine, digestion procceds 
further through the action of the pancreatic protenses, 
trypsin, chymotryvpsin, elastasé and carboxypeptidases À 
and B. These are secreted from the pancress as inactive 
proenzymes, Trypsin is released from trypsinogen by the 
brush border-derived enterokinase and activates the other 
procenzymes, Trepsin, chymotrypsin and elastase are endo- 
peptidases, hydrolysing pepude bonds adjacent to certain 
specific amino acids, while carboxypeptidases À and B are 
exopeptidases, removing amino acids one at a time from 
the C-terminal ends of the peptides. The proteases reduce 
chyme 10 à mixture of fréc amino acids and olhigopepnides 
(of between two and six amino acid residues)., These are 
then further digested by brush border peptidases. 

Enterocvte digestion There are at least eight mu- 
cosal peptuidases which are synthesired and transported in 
a simalar manner to the disaccharidases, However, unlike 
carbohydrates, the peptides are not completely digested to 
their constituent amino acids, brush border enzyme action 
leaving à muxture of amino acids and di- and trpeptides. 

Peptide absorption There are specific transport 
systems wiuch effectively absorb di- and tnpeptides and 
indeed, do so at a faster rate than for amino acids. (This 
discovery has had implications for the development of 
enteral feeding regimes.) Peptide uprake is by active 
transport, Once inside the mucosa, peptidases within 
the enterocvte cleave small peptides to their constituent 
amino acids. À number of transport systems exist for the 
uptake of haminal amino acids. Protein digestion takes 
place throughout the length of the small intestine and is 
efficient, only 5% of protein éntening the gut lumen being 
lost in the stools each day. 


Clinical aspects of protein absorption 


There are à number of rare inherited defects in protein 
absorpuon, including Hartmup disease and cystinura 
(see Ch. 9). There are no specific syndromes of global 
protein malabsorprion although protein deficiency can 
contribute to the wasting and nutritional disturbance 
of severe malabsorption syndromes. In several diseases, 
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e.g. Crohn's disease, uicerative colitis, Whipple's disense, 
excessive protein loss into the gut produces the syndrome 
of protein-losing enteropathy. This process is not one 
of malabsorption, although there may be associated 
malabsorpton. 


Investigation of protein absorption 

There is no satisfactory method of assessing protein ab- 
sorption since amino acids undergo rapid assimilation into 
protein synthesis or are catabohzed as an energy source, 


FAT ABSORPTION 


Although che average fat content of the diet has been 
falling in the Western world over the last 20 vears, the 
average far intake 15 stiil of the order of 90-100 g per dav. 
There has also been a relative decline m the proportion of 
saturated fat in the diet with a concomitant increase of 
polvunsaturated farty acids. The principal long chain 
polvunsaturated fatry acids are linoleic (C18:2} and lino- 
lenic (C18:3) acids (see Ch. 10 for an explanation of 
nomenclature). The other dominant fatty acids are oleic 
(CI8:1) and palmatic (C16:0) acids. The polyvunsaturates 
are called essential fatty acids as they cannot be synthe- 
sized in man. Additional dietary fat consists of phospholi- 
pid and cholesterol, and the fat-soluble viramins are also 
important. Because fat is insoluble in water, the mecha- 
nisms for its digestion and absorption are complex, but 
an understanding of the mechanism of fat digestion and 
absorption is crucial to an understanding of how a wide 
variety of diseases can result in malabsorption of fat and 
conscquentiy result in steatorrhoës. 


Digestion of triacylglycerols 
Lurminal digestion 


Thé first stage in the digestion of triacylglycerols is the 
process of emulsificauon. Physical grinding of food, first 
by chewing and then by motor activity in the stomach, 
produces an initial, relatively unstable emulsion which 
enters the duodenum. The emulsion is stabilized as the fat 
droplets are coated with phosphohipid, which is provided 
exogenousiy in the diet and endogenously from bile. The 
emulsion is further stabilized by a coating of bile salts 
and also small amounts of monoacylglycerol and parüally 
ionized fatty acids. 

The main digestion of the emulsion occurs through the 
action of panéreatic lipase, but a smaller component of 
digestion can begin earlier through the actions of lHingual 
and gastric lipases, which have pH oprima in the acid 
range. This component is important, however, in provid- 
ing partial digestion of triglycerides to enhance and con- 
tribute to the stability of the emulsion. 


Pancreauc lipase acts in conjuncuon with a cofactor, 
pancreatic colipase, which ts secreted in an inactive form 
(procolipase) and is activated by tryptic digestion. Pancre- 
auc lipase is most active at near neutral pH and thus ns 
activity depends on effective bicarbonate secretion from 
the pancreas (under the influence of secretin), The 
combined actuion of lipase and colipase hvdrolyses triacyl- 
glycerols to release fatty acids from the 1 and 3 positions 
(Fig. 11.4) so that one triacviglycerol molecule is hyvdro- 
lysed to a monoacylglycero! with a fatty acid attached at 
the 2 position, and two fatty acids. Bile salts are amphi- 
pathic, that is, thev contain both water-soluble and lipid- 
soluble components. This property allows them to 
aggregate in micelles such that the hydrophobic compo- 
nents line up adjacent to one another on the inside of the 
micelle with the hydrophilic aspect pointing outwards into 
the aqueous phase, The insoluble fatty acids, mono- 
glycerides and cholestérol, therefore, are held ‘inside’ the 
micelle to form a Highly stabie paruiculate emulsion. While 
it has been shown that triacylglycerol absorption remains 
fairly efficient in the absence of bile salts, by contrast 
cholesterol and fat-soluble vitamins undergo sevcre 
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Fig. 11.4 Digestion of a triacylglscerol molecule. The fatry scids in 
the exemple are all shown as saturated molecules with different chain 
lengths, but this 15 not ahways the case, 


malabsorption unless the bile salt concentration in the 
duodeénum is above a critical micellar concentration. 


Absorption of tracylglvcerols 


It has been believed hitherto that transport of hpids across 
the enterocyte surface is by the process of passive diffu- 
sion. The microclimate at the enterocvte surface ts shghtly 
more acidic than in the jejunal lumen, which encourages 
the liberation of fatty acids from the micelle, which per- 
mits diffusion across the mucosa. There is some sugges- 
tion, however, that à component of fat sbsorption for 
certain farty acids, parucularly Hinoleic and oleic acids, 
may occur by facilitated diffusion. 

In the endopiasmic reticulum of the mucosal cell, tri- 
acyiglvcerols are resynthesized into chylomicrons and very 
low density lipoproteins. The carnier protein apohpo- 
protein B is essential for chylomicron synthesis and, in the 
absence of this protein, as in the condition congenital 
abetalipoproteinacmin, fat malabsorption 1s severe. While 
medium chain triacylglvcerols are absorbed directly into 
the portal venous blood, the longer chain triacylglycerols 
(above C10} pass into the lymphatics. Médium chain 
triacvlglycerols (C6-C10) can be partiv absorbed intact, 
presumably by passive diffusion, Medium chain fatty 
acids do not need to be re-esterifñed to triacylglvcerols and 
so exit the cell directly and travel to the liver via thé portal 
circulation. 


Digestion and abserphon of ether fats 


Phospholipids are hydrolysed by pancreatic phospholipase 
À, to fatty acids and fysophosphatidyl choline, while 
cholesterol esters are hydrolysed by a pancréatic esterase. 
The farty acids form micelles wich bile acids and thus 
both lipids are uluimately transported to the entérocyté in 
a similar way co the digestion products of triacylglycerols. 
Phospholipids are resynthesized within the mucosal cell 
in the endoplasmic reticulum and cholestérol is esteriñed 
by acvl-CoA cholesterol acyltransierase before being 
incorporated into chvlomicrons. 

The efficiency of fat absorption is considerable so that, 
in health, the process is virtually 98% complete. The 
vast majority of fat absorption occurs within the proximal] 
jéjunum. 


Clinical aspects of fat malabsorption 


It can be seen that fat absorption is a complex process, 
requiring the delivery of bile salts and pancreatic enzymes 
to the duodenum, together with efficient enterocyte func- 
non and normal mixing. Therefore, disease at several 
levels in the ahmentary system Can result in fat malabsorp- 
on, which is characterized by the presence of stéator- 
rhoea, Interférence with delivery of bile salts into the 
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duodenum, pancreatic exocrine deficiency, failure to 
achieve near-neutral duodenal pH either from gastric acid 
hypersecretion or pancreatic bicarbonate hyposecretion, 
and mucosal disease either in the form of villous atrophy 
or, as mentioned ahove, abetalipoprotemaemna, can all 
result in steatorrhoca. Not surprisingly, because of the 
complexity of the process, tests of fat absorption have 
been used as screening methods to detect malabsorption. 


Investigation of fat absorption 


Quantitative measurement of faecal far excretion is the 
most sensitive method of detecting fat malabsorprion. 


Faecal far excrerion 


This test can be unpleasant both for the patient and for 
laboratory staff. It is essential that it is done correctly and, 
where possible, it is often best that the stool collection is 
performed in hospital. Normal stool fat excretion is less 
than 18 mmol per 24h. Faecal fat excretion above this 
level is à highly sensitive indicator of malabsorprion but 
does not, of course. allow the cause of the steatorrhoea to 
be defined. As a general rule, fat malabsorption is more 
severe when it is a result of pancreatic disease. 

Bécause of its unpleasant nature, there have been a 
number of efforts to find alternative measures of far ab- 
sorption. The ‘C-triolein breath test is probably the best 
of these. 


FC-nolein breath test 


The principle of dhis test is that if *C Jlabelled triolein is 
absorbed, “CO, will appear in the expired breath, À pro- 
tocol is described in the appendix (p., 215). The cest is, 
however, less reliable than faecal fat measurement because 
patients with lung disease or altered tmacylglvcerol meta- 
bolism (e.g. obesity, hyperlipidaermia, diabetes, chronic 
liver disease} may give erroneous values. The measure- 
ment also Changes with age and has limited value when 
the degree of malabsorption is mild, The exposure of 
che patient to radiation can be avoided by the use of °C, 
a stable isotope of carbon, but à mass spectrometer is 
required to measure it. 


OTHER DIETARY CONSTITUENTS 


Vitarmins, apart from B,, and folaté, are dealt with in 
Chapter 10, together with most of the minerals of dictary 
importance, However, iron is discussed above and cal- 
cium and magnesium are considered here. 


Cadcrurn 


Malk and dairy products contribute about 70% of dietary 
calcium, other less important sources being cereals and 
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grains, where calcium is complexed with organic anions 
derived from phytic and oxalic acids which reduce its po- 
tential for absorption. The mechanism of absorption is 
complex and incompletely understood. There is an active 
mucosal transport system in the duodenum and jeyunum 
but, in addition, there is an associated passive uptake of 
calcium through the epithelial tight junctions. Calcium 1s 
absorbed in ionized form and so other luminal nutrients, 
as well as imtraluminal pH, are important. Divalent çati- 
ons tend to remain ionized at acid pH, but will precipitare 
with increasing concentrations of luminal phosphate. 
Luminal pH and phosphate concentrations are lowest in 
the duodenum and proximal jejunum, explaining why cal- 
cium absorption is most favoured at that site. It is worth 
noting here that malabsorbed long chain fatty acids also 
tend to form insoluble soaps with calcium. 

In addition to daily intake of calcium of about 
25 mmol, a further 6 mmol of calcium enters the intesti- 
nal lumen via digestive secretions each day. About 12 mmol 
of calcium is absorbed daily. There are a number of other 
factors influencing calcium absorption. Calcitriol seems 
to increase passive uptake of calcium through tight junc- 
tions. There is also a key calcium-binding protein, cal- 
bindin, which transports absorbed calcium through the 
mucosal cell against an electrochemical gradient. The 
intracellular concentration of calbindin 1s also regulated 
by vitamin D. 


Magnesium 

Magnesium is widely distributed in foods, probably the 
major source in the Western diet being vegetables. The 
average daily intake of magnesium is 12 mmol. Like cal- 
cium, magnesium is absorbed in an ionized form. Unlike 
calcium, however, absorption is greater in the ileum than 
jejunum and occurs through both passive diffusion and a 
facilitated process. 


MECHANISMS OF MALABSORPTION 


It must be said that there is no entirely satisfactory way of 
classifving malabsorption. There are a number of reasons 
for this difficulty, but even the two processes of digestion 
and absorption cannot be entirely distinguished when it is 
appreciated that the enterocyte brush border may have a 
key role in both events. 

Clinicians look for methods of classification which they 
can associate with particular diseases, but a classification 
based on pathology is far too crude for these complex 
metabolic processes. The biochemistry of malabsorption 
is not so clearly and comprehensively understood as to 
allow it to be classified in a way which would not result in 
a number of question marks. The most satisfactory defini- 
tions aré those based on physiology. The classification 
suggested here basically resolves the processes of digestion 
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and absorption to three Separate stages (Table 11.4), 
albeit with substages. It 1s then possible to consider mal- 
absorption as the pathophysiological result of interference 
with normal processing at these three stages. Although 1t 
was designed specifically to classify malabsorption of the 
major nutrents, carbohydrate, protein and fat, it can be 
adapted for vitamins and minerals. 


Luminal stage 


In the lumen, dietary nutrients are hydrolysed and modi- 
Bed into a form in which they can be absorbed, This may 
require solubilization, as in the case of fats, or ionization — 
particularly for minerals. The sheer range of sites at which 
the disturbed physiology results in fat malabsorption due 
to luminal maldigestion alone really emphasizes the cru- 
cial importance of understanding the normal physiology 
in malabsorption. 
The luminal stage can be subdivided into: 


® hydrolysis 
® solubilization. 


This is a helpful distinction, particularly when dealing 
with the complexities of Hpid malabsorption, as it allows 
differentiation between the various conditions impairing 
enzymatic hydrolysis (such as chronic pancreatic disease) 
and impaired solubilization that effectively means inter- 
ference with the emulsification process in micelles. Thus, 
even with normal pancreatic function, luminal malabsorp- 
tion can occur as a result of interference with bile salt 
delivery to the lumen as in biliary obstruction, small intes- 
tinal bacterial overgrowth resulting in deconjugation of 
bile salts, precipitation of bile salts at an acid pH due to 
acid hypersecretion, or interruption of the enterohepatic 
circulation of bile acids at one of various sites. Indeed, in 
tuminai stage malabsorption, the chinicai picture is often 
dominated by fat malabsorption. 


Mucosal stage 


Recalling the enzymatic role of the mucosa in disacchar- 
ride absorption, the mucosal stage can be subdivided into: 


® enzyme action 
e epithelial transport. 


Acquired deficiency of lactase has already been discussed. 

Impaired absorption secondary to defective transport 15 
usually acquired rather than inherited, although there 
are weéll-characterized defects of amino acid absorption. 
Impaired chylomicron formation occurs in aberalipopro- 
teinaemia, which is inherited as an autosormal recessive 
condition. 

Acquired defects of mucosal transport occur in a wide 
range of small intestinal disease states. Severe malab- 
sorption can follow massive small intestinal resection, 
although the capacity for intestinal adaptation (which 
appears to be crucially dependent on continuing luminal 
nutrition) can compensate for loss of intestinal length. 
Specifically, distal ileal resection results in loss of both 
the normal active transport site for B..-intrinsic factor 
complex and also the site for bile acid transport for re- 
circulation into the enterchepatic circuit. Bile salts are 
irritant to the large gut and excessive bile salt spillover to 
the colon results in secretory diarrhoea with increased nèt 
colonic fluid loss. 


Removal stage 


Lymphatic duct obstrucuion will result in impaired ab- 
sorption both of chylomicrons and lhipoproteins. Both lipid 
malabsorpuion and protein-losing enteropathy may occur. 
Primary intestinal lymphangiectasia should be distin- 
guished from the secondary condition which can com- 
plicate lvymphatic obstruction, for example as a result of 
malignant infiltration. 


INVESTIGATION OF MALABSORPTION 


À clinical suspicion of malabsorption should be followed 
by initial screening investigations, It is usually appropriate 
to Carry out à full blood count and blood film and multi- 
Channel biochemical analysis to include calcrum, phos- 
phate, alkaline phosphatase, albumin and liver function 
tests, Abnormalinies on the blood count might indicate the 
need for ferritin, folate, red cell folate or B,, to be meas- 
ured. Any suggestion of hypocalcaemia or an elevated 
alkaline phosphatase should be accompanied by measure- 
ment of the 25-hydroxy vitamin D level and also pro- 
thrombin time (as à measure of vitamin K-dependent 
clotuing factors). Some laboratories favour the xylose 
absorption test as a relatively simple screening measure, 
but it is undoubtediy more complicated than the above 
tests — at least for the patient — as it usually requires a 
urine collection, Less usually, but perhaps more reliably, a 
faecal fat collection can be used to give a clear cut answer 
as to whether or not there is fat malabsorption. The test 
has never exactly been in favour amongst either patients 
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or laboratory personnel, and even élinicians now seen to 
be using thus test less and less frequently. 


Determining the cause of malabsorption 


In many instances, the clinical picture and initial investi- 
gation will point not only to malabsorprion but may give 
some clue as to the underlying pathology. The pattern of 
further investigation here depends on judgement as to the 
likely underlving pathology. 


Small intestinal disease 


The single most useful test in suspecred small bowel dis- 
case is a mucosal biopsy. Formerly, this was usually taken 
by péroral Crosby capsule biopsy, checking the position of 
the suction capsule in the jejunum with X-ray screening. 
Increasingly, multiple perendoscopic biopsies are taken 
from the distal duodenum, The procedure is less time- 
consurming and allows biopsy of specific targeted lesions, 
but does tend to give rather smaller pieces of tissue. 

Specific diagnoses which can be made by mucosal 
biopsy include coeliac disease, giardiasis, Crohn's disease, 
cryptespornihosis, Wlupple’s disease, amyloidosis, [ym- 
phangiectasia and abetalipoproteinaernia. 

Structural disease of the small bowel can also be identi- 
fied radiologically by the technique of small bowel meal, 
Often, the appearances of the intestine in malabsorption 
are non-specific with sorne proximal dilatation of small 
bowel loops together with a rather fragmented column 
of barium. More specifically, ulcers and strictures can be 
seen in inflammatory disorders such äs Crohn's disease 
and infiltrativée conditions such as scleroderma and 
amyloidosis as well as lymphoma can show patterns of 
thickening of the mucosal folds, 


Pancreatic exocrine disease 


There may be strong clinical clues, such as a continuous 
upper abdominal pain radiating to the back, which rypify 
chronic pancreatitis. À hustory of probable stestorrhoea 
combined with diabetes melhirus also suggests that both 
endocrine and exocrine pancreatic function may be 
impaired. 

Pancreatic structure Indications of pancreatic dis- 
case may be found on plain abdomimnal X-ray, which will 
show pancreatic calcification in Chronic calcific pancreati- 
tis. In addition, radiological imaging by ultrasound, CT 
and ERCP (endoscopic retrograde cholangiopancreato- 
graphy} may all show changes characteristic of pancreatic 
disease. 

Intubation tests of pancreatic function These 
tests have in common the necd for a nasoduodenal tube to 
recover pancréatic Juice in response to a variety of stimu- 
lants. In che Lundh test, a standard meal is given orally to 
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provide maximal or near-masimal stimulus to parncreatic 
enzyme secretion, The duodenal aspirate is then assessed 
for wypnic activity. Alternatively, the secretin-pancreo- 
zymin test directly stimulates pancreatic secretion of both 
bicarbonate and enzymes. These investigations are time- 
consunmung and, for the patient, relatively unpleasant. 
They also mvolve radiological confirmation of the siting of 
the distal port of the nascenteric tube and there are ana- 
lytical problems with the various measurements mvolved, 
because of the unusual matrix, Increasingly, they have 
béen replaced by ‘tubeless' tests. 

Tubeless tests of pancreatic function The two 
most widely used of the tests that have been developed to 
avoid intubation are the PABA (n-aminobenzoic acid) and 
pancreolaurvl tests. In essence, both assess pancreatic en- 
zyme activity. In the PABA, N-benzoyl-L-tyrosvl-p-amino- 
benzoic acid is given orally. Pancreatic chymotrypsin 
liberates PABA, which is then absorbed and excreted in 
the urine, The current modification of the test corrects 
for potential abnormalities in intestinal] uptake, hepatic 
conjugation or renal excretion of PABA and imvolves 
giving both PABA and C-PABA. 

The pancreolaursl test involves oral administration 
of fluorescein dilaurate, the hydrolvsis of which releases 
fluorescein, which is absorbed, conjugated in the liver and 
excreted in the urine. The test is repeated on another day 
with an equimolar amount of free fluorescein and the ratio 
of excretion on the two days is determined, À protocol is 
given 11 the appendix (p. 214). 

Both tests have high sensitivity and specificity, although 
false positive results do occur with the pancreolauryl test 
in the presence of cholestatic disease, since bile salts are 
required for oprimal action of pancreatic esterases. 


Bacterial overgrowtk 


The stomach and proximal small bowel normally have 
a low bacterial content, due to gastric acid sécrétion and 
small bowel motility. The commonest cause 6f bacterial 
overgrowth in the upper small bowel is jejunal diverticular 
disease, but other causes include achlorhydria, small 
bowel stasis (e.g. due to strictures or surgical blind loops) 
and fistulae between large and small bowel, Fat malab- 
sorption occurs because of bacterial deconjugation of 
bile acids, although there may also be some damage to 
the mucosa. Folate and vitamuin K deficiency are rare (red 
cell folate concentration may even be raised}, probably 
because of bacterial synthesis of these vitamins. 

À number of tests have been devised to confirm the 
diagnosis of bacterial overgrowth. 

Culture of intestinal aspirate This is the standard 
diagnostic test for bactenial overgrowth. However, :1t 
requires intubation, radiation exposure (to check the posi- 
tion of the tube) and considerable microbiological exper- 


use and may give a false negative result if the overgrowth 
is only patchy. 

Indirect tests exploiing some aspect of bacterial 
metabolism have therefore been developed, although the 
oldest of these, the measurement of unnary indicans (pro- 
duced by the bacterial metabolism of tryptophan) is now 
obsolete. 

Breath tests À variety of breath tests have been 
designed for the detection of bacterial overgrowth. The 
AC glycocholate breath test was the first to be used, the 
principle being that if there is bacterial overgrowth in the 
small intestine, these bacteria deconjugate bile salts and 
the subsequent absorption and metabolism of “C glvcine 
leads to a rise in "CO, in the expired air. Unfortunately, 
not all bacteria are capable of deconjugauion, 50 false 
négative results may occur, Also, 1f the bile salts entér the 
colon, as may happen if the terminal ileum is diseased or 
absent, colonic bacteria may deconjugate them and cause 
a false positive result. The latter effect has even been used 
as a test of terminal ileal funcrion. Attempts to discrimi- 
nate berween sites of bacterial deconjugation by measur- 
ing faecal radioactivity have not proved successful. 

An alternative is the CC nexvlose breath test, which 
rehes on the ability of bacteria to metabolize b-xylose and 
release CO., which then appears in the breath. This was 
initially thought to be more sensitive than the "C glyco- 
cholate breath test in the detection of bacterial over- 
growth, but subsequent studies have cast doubt on this. 

Finally, the hydrogen breath test, which has already 
been described in connection with the diagnosis of mtesti- 
nal lactase deficiency, has also been used for detection of 
bactenal overgrowth. À variety of test sugars have been 
used, ranging from lactulose, which is not absorbed and 
so even in the absence of bactenal overgrowth 1s éventu- 
ally fermented in the colon, causing a late increase im 
breath hydrogen in most patients, to glucose, which only 
causes a rise in breath hydrogen if bacterial overgrowth 
is present. There are a number of drawbacks to tlus 
approach (see under lactose hydrogen breath test, p. 207), 
but it is relatively simple to pertorm and does not involve 
the administration of a radioactive substance. 


Terminal ieai resechion 


Biochemical tests are occasionally required in the investi- 
gation of terminal ileal disease, The two main approaches 
are the “CC glycocholate breath test and the Schilling test, 
both of which have already been discussed. 


DIARRHOEA 


Diarrhoea is strictiv defined as the passage of more 
than 200 g (or 200 ml) of liquid stools per 24 h, although 
in practice the term is often used to describe loose, 


frequent motions. Diarrhoca occurs in some patients 
with malabsorption, whether due to malabsorption of fat 
(stéeatorrhoca) or to the osmotic effects of other non- 
absorbed nutrients in the gut, but there are other causes 
of diarrhoea. 


Causes of diarrhoea 


Digestion and absorption of nutrients require secretions 
from the gut and associated organs and the total amount 
of fluid entering the gut cach day is approximately 9 L, 
2 L from the diet and 7 L from secretions. In norrnal indi- 
viduals, most of thus is reabsorbed, to leave less than 
200 ml in the faeces. 

In normal circumstances most reabsorpuon of fluid 
takes place in the small intestine, although the colon can 
absorb fairly high volumes if necessary. Water reabsorp- 
tion in the colon is linked to the active transport of sodium 
from the lumen into the interstitial fluid and occurs 
against a higher osmotic gradient than in the small intes- 
une. Potassium tends to move into the lumen of the 
colon and chloride is actively reabsorbed in exchange for 
bicarbonate, 

D'iarrhoea occurs when more fluid than usual remains 
in the lumen of the colon. This can occur when: 


® more fluid than usual is imgested; 
® more fluid than usual is secreted into the gut; 
® there 1s impaired fluid absorpuon in the gut. 


Ingestion of large volumes of liquid is a rare cause of 
diarrhoea {although it may be important in short gut 
syndrome — sec later) and so diarrhoca is usually due to 
increased secretion or impaired fluid absorption. 


Lharrhoca due to increased secretion 


Increased secretion suflicient to cause diarrhoea may 
occur in the small intestine due to bacteral infection 
(e.g. with Fibno choierae, Shigella spp., Salmonella spp.), 
tumours secreting certain peptides (e.g. vascactive intesti- 
nal peptide) or ingestion of laxatives (e.g. anthracine de- 
rivatives, phenolphthalein). Increased secretion from the 
colon may occur if bile acids enter the colon (e.g. in 
patents who have had resection of the terminal ileum), 
whère thev stimulate secretion and motility. 


Dharrhoea due to imparred absorprion 


Most diarrhôea due to impaired absorption is caused, at 
least in part, by an osmotic effect. The presence in the gut 
lumen of abnormal amounts of osmotically active sub- 
stances decreases water absorption, leading 10 increased 
stoo! bulk, which in turn tends to lead to a faster transit 
ume and further limitation of fluid absorption. 
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The osmortic eflect may be due to ingestion of sub- 
stances which are not normaily digested or absorbed by 
the gut (c.g. lactulose, magnesium sulphate} or to impaired 
digestion or absorpuon of normal nutrients (e.g. in pan- 
creatic insufficiency, lactase deficiency, cocliac disease). 

Short gut syndrome This is à rare but important 
cause of diarrhoea due to impaired absorption. Several 
conditions can result in an abnormally short small intes- 
tine, but the commonest causes are small bowel resecnon 
for mesenteric vascular occlusion in adults and necrotiz- 
ing enterocolitis in infants. 

The acute problems in such patients are mainly related 
to diarrhoea and weight loss. The diarrhoca occurs for a 
number of reasons. The capacity of the colon to reabsorb 
fluid cannot compensate for the absorptive capacity of the 
small intestine and the situation 15 worsened 1f the ileo- 
caecal valve or part of the colon has also beën removed. 
Unabsorbed bile salts also enter the colon, adding a se- 
cretory element 10 the diarrhoea. Gastric hypersecretion 
may also occur during this acute phase, presumably due 
to disturbed secretion of gastrointestinal hormones, 

Management of the acute phase involves intravenous 
replacement of fluid losses, parenreral nutritional support 
and pharmacological interventions with inhibitors of 
gastric secretion and antidiarrhoeal agents. Within a few 
wecks, an adaptive response should have begun in any 
remaining small intestine, increasing its absorptive capac- 
ity. This process is stimulated by enteral feeding, which 
should be started as soon as possible, Eventually, some 
pauients will be able to survive on suitably managed 
enteral support alone. 

In the long term, deficiencies of individual nutrients 
are likely to be the main problem and 50 careful monitor- 
ing of haematinics, fat-soluble viramins and minerals is 
necessary, with supplementation as necessary. Particular 
problems with a metabolic basis which may arise include 
gallstones (due to decreased concentrations of bile salts in 
the bile), renal stones (due to increased colenic absorp- 
ton of oxalate} and D-lactic acidosis (due to fermentation 
of a carbohydrate load by an altered colonic hacterial 
flora}. 


Investigation of diarrhoea 


Most causes of diarrhoea can be diagnosed by attennon to 
the history and examination, followed by appropriate 
microbiological, endoscopic and radiological investiga- 
tions. Sometimes biochemical tests are necessary to detect 
malabsorpuion due to one of the endocrinological causes 
of diarrhoea (e.g. thyroid function tests, 24h urinary 5- 
hydroxvindole acetic acid excretion, fasting plasma gastrin 
concentrauon) and it is also useful to be able to screen 
urine (or stool water) samples for laxatives, as patients do 
not always admit to laxative abuse. 
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In difficult cases, it may be useful to distinguish be- 
twecen secretory and osmotic diarrhoes. Fasting the pa- 
uent may provide a clue (aithough if diarrhoea is severe, 
intravenous fluid replacement should be given), Qsmotic 
diarrhoea should improve with fasung, whereas secretory 
diarrhoca will continue or even worsen. Further informa- 
ion may be obtained by measuring the stool water osmo- 
lality and sodium and potassium concentrations and 
calculating the osmotic gap {osmotic gap = osmoiality — 2 
([Na°] + (K‘1]}). This is close to zero in secretory diarrhoea 
and may be over 100mmol/L in osmotic diarrhoea. 
Unfortunately, the rwo may occur together in a single 
condition, for example in bile acid malabsorption and in 
coeliac disease, and so in practice the investigation is of 
hmited use. 


CONCLUSION 


The term malabsorprion is commons used to include 
disorders of both digestion and absorption. The disorder 
may imvolve a single nutrient or be a more generalized 
condition, The chinical symptoms and signs may arise 
either from deficiency of nutrients or from the retention of 
nutrnents within the lumen of the bowel, Biochemical tests 
may be required to assess nutritional status, to establish 
that malabsorption is occurnng and to investigate the 
cause. Although some biochemical tests of malabsorption 
are relatively easy to perform and are widelv used, the 
final diagnosis usually rests on something more definitive 
and at best they have only a complementary role. 


APPENDHX: PROTOCOLS FOR TESTS 
Xvlose absorption test 
Procecure 


The patient is fasted overnight and the test is performed 
in the morning. The bladder is emptied before the test 
and the urine is discarded. 

At the beginning of the test, the patient drinks 5 g n- 
xvlose dissolved in water. Further plain water is encour- 
aged during the test. All urine passed :s collected until 
the end of the test at 5 h post dose, when a final urine is 
collected and added to the collection. The xylose content 
of the urine 1s analvsed. 

À blood sample for xylose estimation is taken at 1h 
post dose. 


Interpretanion of results 


The plasma xylose at 1h post dose :s normally greater 
than 1.3 mmol/L and more than 7 mmol/5h of xylose 
is normally excreted in the urine. 


Lactose tolerance test 
Procedure 


The patient fasts overnight and the test is performed in 
the morning. 

À fasting blood sample for glucose measurement is 
taken at the beginning of the test and the patient then 
drinks 50g lactose dissolved in water, Further blood 
samples for glucose estimation are taken at 30, 60, 90 
and 120 min. Any symptoms reported by the patient are 
recorded, 


Interpretation of results 


In normal mdividuals there should be a rise in plasma 
glucose of at least 1.1 mmol/L. [f this does not occur, the 
tést should be répeated with an ecquimolar amount of a 
glucose and galactose mixture, Intestinal lactase defi- 
ciency may be presumed if there is a normal rise in plasma 
glucose following the glucose/galactose mixture but not 
following the lactose. Abdomnnal symptoms following 
the latter and not che former give further support to the 
diagnosis. 


Pancreolaurvi test 
Procedure 


No particular preparation is necessary for this test, but it 
is recommended that no medicines are taken during the 
test period. 

On the morning of the first day of the test, the patient 
empties their bladder and then eats a standardized break- 
fast of a bread roll with 20 g butter and swallows capsules 
containing 0.5 mmol fluorescein dilaurate (test), Drinking 
of plain water is encouraged for the rest of the test and all 
urine is collected for a total of 10h. 

On the second day of the test, the same procedure is 
followed, but 0.5 mmol fluorescen (control) 1s subsntuted 
for the fluorescein dilaurate. 

The amount of fluorescein excreted in each of the two 
urine collections is measured and the results expressed as 
Test _ x 100%. 

Control 


Fnierpretation of resuits 


In normal subjects, the test/control rano is > 30°%%, while 
values of < 20% indicate pancreatic insufficiency. 


Secretin-cholecystokinin test 


Procédure 


The patient is fasted overnight and a double lumen 
nasoduodenal tube is passed, such that one lumen allows 


aspiration of pancreatic secretions from the duodenum 
and the other drainage of gastric secretions. Gastric and 
pancreatic sécrétions are aspirated throughout the test, 
but only the pancreatic secretions are saved (on ice), 

At the beginning of thé test the duodenal juice is aspi- 
rated and discarded and secretin given intravenously (the 
dose depends on the brand used}. Pancreatic secretions 
are collected for three consecutive 10 min periods, Ât 
30 min after the start of the test, cholecystokinin is given 
intravenousiy and a further three 10 min collections are 
made. 

The volume of each of the collections is measured and 
cach 1s analvsed for bicarbonate concentration and amy- 
lase and tryptic activity. 


Interpretation of results 


The total volume of aspirate over the hour @f the test 
should be at least 150 ml. The peak bicarbonate concen- 
tration should be at least 90 mmolW/L. The minimum amw- 
lase and tryptic activities are method-dépendent: consult 
the local laboratory for ranges. 


Faecal fat excretion 
Procedure 


The patient should be taking a diet containing 90-100 g 
fat during the test period and for the 48h prior to it. 
Stool markers can be used to improve the accuracy of the 
timing of the collecuon but in practice, in patients in 
whom there is good reason to suspect steatorrhoéa, this 
is rarely necessary. 

Stools are collected for a 5-day penod (thus 15 some- 
times shortened to 3 days), The collection is then thor- 
oughly mixed and a sample taken for fat analysis. Results 
are calculated in terms of mmol fat excreted per 74 h. 


Inierpretation of results 


Normal subjects excrete < 18 mmol/24h, Excrenion of 
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more fat than this may be due to malabsorption, mal- 
digestion or both. 


MC-triolein breath test 
Procedure 


The patient is fasted overmight and a basal sample of ex- 
pired CO, collected by bubbling expired air through vials 
containing a standard amount {e.g. 1 mmol) of hyamine, 
This reacts with the CO, and a coloured indicator is used 
to show when the reaction is complete. 

The test period begins with the patient consuming 
10 Ci C-tmolein in a 60 g fat meal. Standard samples of 
expired breath CO, are collected every hour for 7 h m the 
same way as for the basal sample. The radioactivity of 
each sample is then measured, 


Interpretation of results 


The lower limit of normal for "CO, excretion should be 
determined locally, but the principle of the test is that in 
fat malabsorption less CO, appears in the breath than 
expected. 


Intestinal absorptive capacity 
Procedure 


The patient (a child) 1s fasted overnight. 3-O-methyl-n- 


glucose (2.5 g) and o-xylose (5.0g) are dissolved in 
100 mL, water and given orally and a blood sample taken 
1h later. The concentrations of 3-O-methyi-n-glucose 
and p-xylose are measured and the ratio calculated. 


{nierpretaton of resulrs 


If the wo sugars are measured in mgdLl, the ratio b- 
xvlose/3-O-methyi-n-glucose is nonmally 083-117. À 
ratio below chis is found in virtually 100%% of children with 
untreated cochiac disease, Increased ratios may be found 
in some Cases of anorexia neérvosa. 
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jaundice 


INTRODUCTION 


Ir is widely accepted that the term ‘liver function test’, 
as currently used in chmical practice, is a misnomer. 
Certainly this is true in comparison with pulmonary or 
renal function tests, The latter describe the measurement 
of certain distinct physiological and biochemical organ 
functions that have meaning in the absence of any organ 
pathology. In marked contrast, many of those tests that 
make up the standard liver ‘function tests, such as the 
plasma activities of certain aminotransferases, have no 
functional sigmificance at all. These enzymes clearly have 
a major and well-defined role within the cell but, in the 
plasma, they are simply markers of hepatocyte disrupuon. 
Their measurement 15 only of any sigmificance when 
applied to liver pathology. To this extent understanding 
of the conventional liver function tests reliées on a broad 
grasp of the principles of liver disease and the present 
chapter should therefore be read in comuncnon with 
Chapter 13, 

This is not to say chat the function of the liver 15 not 
well understood. Wihule it is conventional to list the func- 
tons that the liver can perform, this detracts from gaining 
a global or broad conceptual picture of what the liver 
“docs”, The liver is a regulatory barrier between the 
systemic Circulation and the organism's environment as 
experienced via the gut. More succinctiy put, the job of 
the acinus, the functional unit of the liver, is to regulate the 
concentration of solutes in the terminal hepatic venules 
and bile. It is the principal organ of metabolic homoecosta- 
sis, Le, maintenance of blood composition within physio- 
logically acceptable limits by the conversion, synthesis and 
release of components required by other organs. 

This chapter reviews bnefly the anatomy, physiology 


and biochemistry of the normal liver as a basis for under- 
standing the tests currently applied in chnical practice and 
those that may be developed in the future. 


ANATOMY OF THE LIVER 


The macroscopic and microscopic anatomy of the hiver 
is difficult to understand, partly because of its imherently 
complicated three-dimensional structure and partiy be- 
cause of the recent trend to replace simple (but mislead- 
ing) morphological descriptions with more accurate, but 
less obvious, functional descriptions, 


Macroscopic structure 


The liver is a wedge-shaped organ in the right upper 
quadrant of the abdomen. Its mass varies with that of the 
individual, being in the order of 22 g/kg body weight. In a 
typical 70 kg subiect the liver weighs about 1.5 kg. It has 
a large right lobe, a smaller left lobe anteniorlky and two 
further small lobes, the quadrate and the caudate lobes 
(Fig. 12,1). These lobes relate vo the venous drainage, not 
to the portal distribution (see below). Thus che left 
hépatic vein drains the left hepatic lobe and the right and 
middie hépatic veins drai the right hepatic lobe. In terms 
of the portal structures, there aré two funcrional lobes 
defined by the right and left portal veins. The division 
is marked by a line joinimg the inferior vena cava and the 
gallbladder bed (Fig. 12.1). 


Microscopic structure 


As viewed with the microscope, the unit of the liver ap- 
pears to be the lobule and it is in terms of this structure 
217 
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Liver 
Fig. 12.1 The anterior surface of the liver. The labelling in the upper 
part of the figure represents the conventional description into a right 
and left lobe separated by the falciform ligament. The lower part af the 
labelling refers vo the right and left lobes defined by disrribution of the 
portal structures. The night and left portal structures (portal vein, 
hépatic artery and bilé ducts) enter the functional right and left lobes, 
respectively. 


that pathological changes are described. Since liver biopsy 
has, under many circumstances, become the de facto 
‘gold standard’ of liver disease diagnosis, particularly for 
evaluating the diagnostic usefulness of liver function tests, 
it is important to understand the terminology. However, 
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from a functional point of view, the basic unit of the liver 
is the acinus (see below}. This, t00, is important to under- 
stand because of the idea of liver cell heterogencity; differ- 
ent zones of the acinus have different physiological and 
biochemical functions. 

The concept of the lobule is based on a central efferent 
hepatic arteniole surrounded by radically oriented plates of 
hepatocytes and sinusoids. Three to five portal tracts (or 
‘riads”), comprising portal vein, hepatic artery and bile 


duct, are situated around the periphery of the lobule 
(Fig. 12.2A). 


The acinus 


This is the true structural and functional unit of hepatic 
parenchyma which represents a group of liver cells fed by 
a single terminal portal venule and hepatic arteriole, the 
blood from which passes via the sinusoid into a terminal 
hepatic vein (Fig. 12.2B), Flow is unidirectional and the 
20 or so hepatocytes that separate the portal tracts from 
the terminal hepatic vein have been arbitrarily separated 
into three zones, through which the portal blood passes 
sequenually. Hepatocytes nearest the fecding artery (zone 
one) receive blood rich in substrates, hormones and oxy- 
gen and have a higher level of metabolic activity. It should 
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Fig. 12.2 (A) The conventional hepatic lobule based on the central vein with surrounding portal tracts. (B) The 
hépatic acinus and its three functional zones. The axis 18 formed by the terminal portal venule, hépatic arteriole and 
bie duct. Blood flows from the periphery of the acinus to Che terminal hepatic venue. 


be emphasized that there are no anatomical boundaries 
between these three zones, but hepatacytes im zone three 
(‘centrilobular or ‘perivenous’) are particularly rich in 
smooth endoplasmic reticulum whereas rough endo- 
plasmic retuiculum is more plentiful in those in zone 
one (‘perniportal"). Clearly, as blood perfuses each zone 
sequentially its composition will change and the func- 
tional heterogeneity of hepatocytes reflects their changing 
microenvironment. 

Space does not allow a detailed discussion of the 
functional heterogeneits of the three zones but we may 
mention three examples which impinge on areas discussed 
later. Glucose production (from glycogen) occurs mainly 
in zonc one, hepatocytes and glucose uptake in zone three, 
Lrea synthesis occurs mainly in zone one and glutamine 
synthesis in zone three, Phase E (biotransformation, e.g. 
hydroxylation) acuvity and alcohol dehydrogenase activity 
is sited in zones rwo and three, whereas phase IT activity 
{conjugation, e.g. glucuromdation) is in zone one. Ît is not 
difficult to appreciate that different pathological insults 
may differentially damage the various zones and to envis- 
age that eventuaily tests investigating the integrity of the 
different zones will be developed. 


Ultrastructure 


The héepatocytes are arranged in single cell plates, sepa- 
rated from the sinusoids by endothelial cells, The biliary 
canalicuh are formed by the basolateral parts of opposed 
hepatocvtes but have no direct connection with the space 
of Disse that separates the hepatocyte membranes from 
the sinusoids (Fig. 12.3). Besides the endothelial cells that 
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Fig. 12,3 Ultrastructure of the liver, Solutes may pass out of the 
ansond which does not bave à conventional basement membrane and 
across the space of Dhsse, Here they may be taken up across the 
hépatocvte membrane and subsegquentiv across the canalhcular 
membrane or enter che canaliculus through the “paracellular pathway” 
via the intercellular janctions. 
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filter fluid exchanged between the sinusoidal lumen and 
the space of D'isse, the sinusoids also contain Kupffer cells 
(a major part of the reticuloendothelial system), fat- 
storing cells (which contain vitamin À and produce sev- 
cral connective tissue components) and Pit cells (which 
share similarities with natural killer cells). These non- 
parenchymal cells are an area of intensive research and 
current evidence suggests that they play a major role in 
synthesis of growth factors responsible for control of liver 
regencration (see below). 


Bile, bile ducts and biliary drainage 


Às noted above, the biliary canaliculi are formed from the 
plasma membrane of the hepatocyte but these eventually 
drain into ducts lined by specific biliary cells and ulti- 
mately into the major bile ducts, thence to the common 
bile duct and the gut (Ch. 13), Interruption of the flow of 
bile, the exocrine secretion of the liver, is responsible for 
many signs of hepatobiliary disease. Bile pigment and bile 
acid metabolism are described below and the pathological 
anatomy Of the liver and biliary vract is described in the 
next chapter, 


The hepatic circulation 


À major cause of abnormal function in chromic liver 
diséase is disturbance of blood flew through the liver 
conséquent on the fibrosis that follows chronic liver cell 
damage. The liver has a dual blood supply. Arterial blood, 
direct from the aorta, comes via the hepatic artery from 
the coeliac axis. The second source is the portal vein 
that is formed by the joining of the superior mesenteric 
and splenic veins and which collects blood from the intra- 
abdominal part of the gut, together with the spleen, pan- 
creas and gallbladder. After passage through the sinusoids 
(sce below) blood drains from the liver via the hépatic 
veins into the inferior vena cava and thence to the right 
side of the heart. The portal system is responsible for the 
greater part of the blood supply but if either the vein or 
artery :s blocked the other can maintain relatively normal 
liver function. 


HEPATIC REGENERATION 


The fact chat the liver has a great capacity for regeneration 
is the rationale for much of the practice of clinical hepa- 
tology, particularly for the prolonged periods of support 
during acute liver failure and the feasibihity of extensive 
hepatic resection. 

Hepatic regeneration has been studied mainly in 
animals after partial hepatic resection. Twenty four hours 
after liver resection there is extensive division of the re- 
maining cells accompanied by a surge in DNA synthesis; 
thus is followed 24 hours later by increased replication of 


220 CLINICAL BIOCHEMISTRY 


the non-parenchymal cells, The initiation of these events 
is by growth factors that are now being identified. Epider- 
mal growth factor (EGF), transforming growth factor & 
(TGE &) and hepatocyte growth factor (HGF) are all in- 
volved in the switching on of regeneration, and transform- 
ing growth factor F5 in it switching off. There can be little 
doubt that measurement of these substances will soon 
form part of the investigation of liver disease. 


PHYSIOLOGICAL FUNCTIONS 


Because the various functions of the liver may fail at 
diferent times, it 15 necessary to consider cach function 
separatély. The physiology and biochemistry of the liver 
subsume most of intermediary metabolism and, as such, 
are clcarly bevond the scope of this chapter, Other than 
giving the bricfest outline, emphasis is placed on those 
functions, the measurement or disturbance of which is 
important in liver tests or pathology respectively. 


Carbohydrate metabolism 


As has been known for many years, removal of che liver in 
an animal leads to death from hypoglycaemia. À major 
metabolic function of the liver is to store sugar and damp 
down the oscillations in blood sugar conséquent upon 
man's habit of eating intermittently. Thus, during a meal 
the liver stores glucose as glycogen and then releases it 
(glycogenolvsis) slowly when food is not being taken. This 
is particularly important for those organs such as brain 
and red blood cells that have an obligatory requirement 
for glucose. Specific glucose transporter molecules located 
in the sinusoidal membrane which mediate facilitated dif- 
fusion are involved in both processes. Berween méals, as 
the supply of glvcogen décreases (ons about 75 g can be 
stored), the hiver starts to make glucose (gluconcogenenis) 
from other sources, particularly lactate, but also pyruvate, 
alycerol and alanine, although only from alanine is there 
a net production of glucose. During more prolonged 
penods of starvation thé total body requirement for glu- 
cose falls and demand is increasingly met by production ef 
ketone bodies, derived from acetyl CoA. Apart from being 
stored, glucose can be used by the liver as an energy 
substrate via the glycolytic and citric acid cycles or for the 
synthesis of fatty acids and triglycenides. 

Insulin 1$ secreted in response to the rise in blood glu- 
cose concentration after a meal and leads to an increase 
in penpheral glucose uptake and a decrease in gluconeo- 
genesis, In acute liver failure, the liver may not be able 
to maintain an adequate level of blood glucose and kypo- 
glyvcaemia may become a life-threatening complication; in 
chronic hiver failure Avperglycaemia is more Common, most 
likely because of a failure of the liver to store glycogen and 
failure of peripheral rissues to take up glucose adequately. 


The liver also metabolizes other dietary sugars including 
fructose and galactose, converting them to glucose phos- 
phates (Ch. 13}, 


Lipid metabolism 


After a meal, dietary tiglycenides are hydrolysed to free 
fatty acids and monoglycerides by pancreatic hpase and 
taken up into an aqueous medium through the action 
Of bile salts. The liver meets its own metabolic energy 
requirements, and those of the body as a whole, by mito- 
chondrial B-oxidation of short chain fatty acids. The re- 
sultant acetyl CoÂ either enters the citric acid cycle or 
reacts with another molecule of acetyl CoA to form ketone 
bodies. Although the role of the liver is central to the 
oxidation of fatry acids, most tissues have the enzymes 
required to undertake complete oxidation, The liver also 
synthesizes fatty acids, triglvcerides, cholesterol, phospho- 
hpids and lipoproteins. Disturbances of fatty acid meta- 
bolism, including decreased oxidarion (as in excessive 
alcohol consumption}, increased hepartic fatty acid synthe- 
sis and decreased triglyceride conversion, may all be 
involved in the development of fatty liver (‘steatosis”), a 
problem common to several liver disorders. 


Protein metabolism 


Hepatis protein metabolism :s central to the assessment 
of liver function and its disturbance important in the 
pathogenesis of many liver diseases. 


Synthesis 


Other than the immunoglobulins, most circulating pro- 
reins are synthesized wholly or in part by the hiver and the 
levels of several are used as a measure of synthetic hepatic 
function. Except for albumin, transcobalamin II and 
C-reactive protein, all are glycoproteins. There is no ap- 
parent general biological reason why proteins are glycated; 
in some (for example, fibronectin} it serves to make the 
protein résistant to proteolysis, in others it affects function 
(for example, follicle stimulating hormone) and in yet 
others (for example, caeruloplasmin) it affects the pro- 
tein’s half-life in the circulation, Disrurbance in glycation 
produces some specific defects in protein structure that 
may be clinically useful in the diagnosis of alcoholic (see 
p. 244) and malignant liver disease (see Ch. 13). 


Metabolism of amino acids and disposal of urea 


À 70 kg man on a normal diet needs to excrere between 
10 and 20 g of nitrogen per 24 h. This derives from amino 
acids which arc surplus to requirements (and cannot 
be stored) and those that are not reutilized after normal 


a-amino acid 


turnover. The nitrogen is converted into urea in the liver 
and excreted by the kidneys. The liver processes incoming 
dietary amino acids from the portal vein and from muscle 
both for its own requirements and for peripheral tissues. 
Aromatic amino acids (AAA: phenylalanine, tyrosine and 
tryptophan) are metabolized by the liver but hepatic ex- 
traction of branched chain amino acids (BCAA: leucine, 
isoleucine and valine) is small and these are taken up 
largely by muscle. The ratio of BCAA/AAA is decreased 
in acute liver failure and this altération forms the basis of 
one theory of the pathogenesis of hepatic encephalopathy. 

The major pathways of ammonia production and clear- 
ance are shown in Fig. 12.4, Amino acids first undergo 
transamination to glutamate followed by oxidative de- 
amination with the formation of ammonia. The resulrant 
ammonia is fed into the Krebs-Henseleit (urea) cycle and 
excreted as urea or stored transiently as glutamine (through 
the action of glutamine synthase). Additional ammonia is 
produced by intestinal bacteria from dietarv protein and 
urea present in gut fluids. These pathwavys are important 
as ammonia is toxic and is one of the compounds impli- 
cated in the pathogenesis of hepatic encephalopathy. Its 
plasma concentration is still measured in many laborato- 
ries and a raised level taken as evidence that an encephalo- 
pathic state is due to hepatic pathology. Measurement of 
the various enzymes involved in the urea cycle is increas- 
ingly undertaken for diagnosis of inherited abnormalities 
of urea synthesis. 


Oxo acid 





Argininé 


Fig. 12.4 Production and disposal of ammonsa. 
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Biotransformation and excretion 


The lung and kidney are effective in excreting volatile and 
water-soluble substances but many exogenous com- 
pounds (such as drugs) and endogenous compounds, 
including end products of metabolism, are lipid-soluble 
and non-volatile. It is one of the liver’s functions to render 
such substances more water-soluble so that they can be 
excreted in urine or bile. 

Two stages are recognized in biotransformation. In 
phase I, a suitable polar group is made available which is 
conjugated in phase Il. Phase Ï reactions occur in the 
smooth endoplasmic reticulum and are mediated mainly by 
the mixed function oxidase system (P450 isoenzymes) that 
utilize atmospheric oxygen, typically generating hydro- 
xylated or carboxylated compounds. These are subse- 
quently conjugated with glucuronic acid, acetyl or methyl 
radicals or, in the case of bile acids, with glycine, taurine 
or sulphate (see below). There is considerable functional 
heterogeneity of the glucuronyl transferases with several 
isoenzymes that have variable substrate specificinies, 
particularly for exogenous compounds, À second, non- 
oxidative pathway of biotransformation is via glutathione. 

Increasingly, tests purporting to be true measures of 
liver function are being based on assessment of the integ- 
rity of such systems by measuring the clearance of an exo- 
genous compound (see p. 229), It should be noted that 
while biotransformation usually results in detoxification, 
it can sometimes be responsible for generating toxic or 
Carcinogenic metabolites. 


Bile secretion 


Bile, the exocrine secretion of the liver, consists of bile 
pigments, bile acids, cholesterol, phospholipids (mainly 


 ecithin}, inorganic ions and small amounts of protein, The 


liver is a major site of cholesterol biosynthesis and the sole 
site of conversion of cholesterol into bile acids, which are 
the major organic anions excreted by the liver. The bile 
acids undergo conjugation which enhances their solubility 
at the pH of body fluids and this facilitates their main 
function of solubilizing biliary cholesterol and the prod- 
ucts of lipid hydrolysis. Bile acids circulate from the hepa- 
tocyte, through the biliary tract and the gut and then, after 
reabsorption in the terminal ileum, are returned via the 
portal blood to the liver (Fig. 12.5). 

The rate-limiting step in bile acid synthesis 1s hepatic 
microsomal 7@-hydroxylation which is under negative 
feedback control, being inhibited by reabsorbed bile 
salts. Before secretion, bile acids are conjugated with 
either taurine or glycine and, after passage through the 
small intestine, are reabsorbed from the terminal ileur. 
Those reaching the large bowel are partially deconjugated 
and converted to secondary bile acids by bacterial 7a- 
dehydroxylase to deoxycholic and lithocholic acids. A 
third metabolite, ursodeoxycholate (a stereoisomer of 
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Fig. 12.5 Synthesis and enterohepatic circulation of ble acids, 


chenodeoxycholic acid}, is found in trace amounts and 
has been classified as a tertiary bile acid. The measure- 
ment of serum bile acids has been extensively investigated 
as a test of liver function (see p. 228). 


LIVER FUNCTION TESTS 


Liver function 
application: 


tests have four potential areas of 


1. Às an aid to establishing whether a particular patient 
has liver disease, In effect, they are being used to answer 
the question ‘Is there any evidence of liver dysfuncnon?” 

2, As an aid to making a specific diagnosis. While 
function tests are clearly distinct from diagnostic tests 
it is still reasonable to assume that certain patterns of dys- 
function may be characteristic of specific diseases. 

3. To establish the severity of liver dysfunction once a 
specific diagnosis has been established. This is important 
from a prognostic point of view. 

4, To monitor the progression of the disease and any 
response of it to therapeutic intervention. 


Within this framework three classes of vests will be con- 


sidered. The first are the standard liver function tests — a 
battery of tests often applied irrespective of the suspected 
diagnosis and to which all the caveats about lack of true 
functional assessment apply. The second are a group of 
tests that are used in an attéempt to measure function 
in the true sense of the word — these are more complicated 
to perform and are not used routinely; an example 1s 
the measurement of galactose elimination capacity (see 
p. 230). The tlurd group are those biochermcal tests used 
for assessment of liver disease in specific situations, for 
example @,-antitrypsin in suspected deficiency of this 
protein and alphafetoprotein in suspected primary hepatic 
malignancy, The latter are described briefly here for 
the sake of completeness and in more detail in the next 
chapter in the context of their diagnostic application. 

The standard liver function tests are usually considered 
to include the plasma bilirubin concentration, the activity 
in plasma of certain enzymes, particularly aminotrans- 
ferases, alkaline phosphatase and y-glutamyl transferase, 
total plasma protein and albumin concentration. It has 
been estimated that this group of tests will correctly allo- 
caté patients to a liver disease/non-hver disease category 
in about 75% of cases. 


Bilirubin and bile pigment metabolism 


Although bilirubin has been characterized as a non-toxic 
metabolic product of a relatively minor metabolic path- 
way, elevation in its plasma concentration leads to the 
alarming sign of jaundice and usually suggests the pres- 
ence of underlying liver or biliary tract disease that may 
range from trivial to life-threatening. Accurate intérpreta- 
tion of the laboratory teste associated with bile pigment 
metabolism in the jaundiced individual requires a clear 
understanding of the physiology and biochemistry of the 
bile pigments. 

Most bilirubin is derived from the breakdown of haem, 
itself derived from senescent red blood cells (Fig. 12.6). 
A much smaller proportion comes from other haemo- 
proteins such as catalase, myoglobin and the cytochromes. 
An even smaller fraction comes from ‘ineffective erythro- 
poiesis’ although the latter may represent a significant 
source Of bilirubin in haematological conditions such as 
thalassaemia and pernicious anaemia. The initial and rate- 
limiting step is the oxidation of haem to biliverdin by 
haem oxvgenase; this is followed by reduction (catalysed 
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by biliverdin reductase) to bilirubin with the production 
of an equimolar amount of carbon monoxide and ferric 
iron. These reactions take place in the reticuloendorhelial 
system, predominantly the liver, spleen and bone marrow. 
The resultant ‘unconjugated”’ bilirubin is tightliy bound to 
albumin in à molar ratio 1:1, but additional binding sites 
of lower affinity are recruited in hyperbilirubinaemic 
states. This binding limits extrahepatic uptake of the po- 
tentially toxic unconjugated bilirubin and permits trans- 
port to the liver. Other molecules such as thyroxine and 
certain drugs can compete for albumin binding sites and 
thereby displace bilirubin. 

Tightly bound to albumin, bihrubin is transported to 
the liver where it is actively transported across the sinu- 
soidal membrane and binds to ligandin (glutathione trans- 
ferase B). In the hepatocyte, the bilirubin is conjugated 
mainly with glucuronic acid to form mono- and diglucu- 
ronides and thereby rendered water-soluble (Fig. 12.7). 
Secretion, which is probably rate-limiting in the overall 
transport of bilirubin from plasma to bile, occurs by active 
transport into the biliary system. In the gut some bilirubin 
is deconjugated by bacterial glucuronidases and (being 
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Fig. 12.7 Enterohepatic circulation of bilirubin and urobilinogen. 
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Fig. 12.8 (A) The unfolded structure of bilirubin showing the site of 
glucuromic acid conjugation (arrows) which breaks the hydrogen 
bonding and results in the molecule becoming soluble, (B) The folded 
structure showing the extensive hydrogen bonding, 


fat-soluble again) is absorbed but most is oxidized to uro- 
bilinogen,; this 1s further metabolized to other pigments, 
particularly stercobilin, and excreted (Fig. 12.8). À small 
amount of urobilinogen is reabsorbed and undergoes an 
enterohepatic circulation. Conjugated bilirubin also circu- 
lates bound to albumain, but with lower affinity so that the 
unbound fraction can be filtered by the glomerulus and 
that which is not reabsorbed is excreted in the urine. 


The sigmficance of hyperbiirubinaemia 


In more than 95% of the apparently normal adult popula- 
tion, the plasma bilirubin concentration is below 25 umol/L. 
and this can be considered the upper limit of the reference 
range (Fig. 12.9). It is virtually all unconjugated. When 
the plasma concentration of bilirubin exceeds 50 umol/L 
jaundice can be detected by experienced observers and 
when more than 100 umol/L,, patients’ relatives will usu- 
ally pass comment. The concentration of bilirubin in the 
plasma of an individual is determined by the balance 
between production and clearance, Although less than 
500 mg of bilirubin is produced each day, the normal liver 
can conjugate up to 1500 mg per day. This large functional 
reserve is one reason why the plasma bilirubin is an in- 
sensitive test for liver disease. 

The absolute level of plasma bilirubin is of little help in 
establishing a diagnosis. Quantitation is, however, impor- 
tant in monitoring the progress of disease such as primary 
biliary cirrhosis, where changes are of prognostic signi- 
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ficance (see p. 234), neonatal jaundice (with respect to 
the need for exchange transfusion), assessing response to 
treatment (such as surgical relief of bile duct obstruction) 
or to detect hyperbilirubinaemia that is suspected but not 
clinically apparent. In addition, the absolute level of 
bilirubin is important in prescribing the correct dose of 
certain cytotoxic agents. For example, in patients treated 
with doxorubicin for malignant liver disease, the dose 
must be decreased in the presence of hyperbilirubinaemia 
to avoid undue myelosuppression. The highest concentra- 
uons of bilirubin (sometimes approaching 1000 umol/L) 
are seen when conjugated hyperbilirubinaemia of any 
cause is complicated by renal failure. 


Tests for quantification of bilirubin and its conjugated and 
unconjugated fractions 


Current methods for the determination of plasma bili- 
rubins are based on the diazo coupling of the pigments as 
first described by Ehrlich in 1883. Two molecules of 
azodipyrrole, which can be measured spectrophotometri- 
cally, are formed per molecule of bilirubin. In 1916, van 
den Berg and Muller noted that bilirubin from patients 
with obstructive jaundice reacted ‘directly’, whereas bi- 
lirubin from patients with haemolytic jaundice reacted 
‘indirectiy’, 1e. an accelerator such as alcohol was re- 
quired. The direct reacting pigment was later identified 
as conjugated bilirubin (CB) and the indirect reacting as 
unconjugated bilirubin (UCB). 

Although the distinction was found to be useful clini- 
cally it soon became apparent that there is in fact not a 


precise relationship between indirectiy reacting bilirubin 
and UCB, and directly reacting bilirubin and CB, respec- 
tively. In particular, direct measurements overestimate CB 
at low concentrations and underestimate it at high levels. 
To overcome these limitations the alkaline methanolysis 
method was developed. The bilirubin monc- and diglucu- 
ronide conjugates arc converted 16 the corresponding 
mono- and dimethyl esters by treatment with aïkaline 
methanol. UCB is not affected by the reaction and is ex- 
tracted into chloroform with the methyl ester derivatives. 
The pigments can then be separated and quantified by 
HPLC or thin layer chromatography. This approach 
shows that CB 1s virtually undetectable in normal plasma 
and that from patients with Gilbert's syndrome. Tech- 
niques permitting accurate estimation of the two fractions 
at low bilirubin concentration may soon be available rou- 
unely and it seems likely that detection of CB may be- 
come the most specific and sensitive test of hepatobiliary 
function, 

Bilirubin bound to albumin (bili-albumin), probably 
covalently, is now recognmized as a dhuird form of bilrubin. 
Jr may account for up 10 909%% of total bikrubin in both 
hepatocellular and cholestatic jaundice although impaired 
excrétion and an intact conjugation mechanism are re- 
quired for its formation. Ît is not detecrable in normal 
subjects or patients with unconjugated hyperbilirubin- 
aenuas, including Gibert’s syndrome, It is this form of 
bibirubin which persists in the plasma of patients re- 
covering from jaundice after bilirubin has ceased to be 
detectable in the urine. 

The precise mechamsm by which jaundice occurs in 
patients with diffuse liver discase has still not been firmly 
established. Both conjugated and unconjugated bilirubin 
are present but the former predominates. This presum- 
abiy involves a combination of impaired bilary secretion 
and hepatic deconjugation, In the Case of impaired bihiary 
secretion there is probably reflux across the sinusoidal 
membrane and leakage from the damaged canaliculi via 
the paracellular pathway. 


Plasma enzyme activities 


As noted above, the enzymes used as liver tests have little 
or no physiological function in the plasma; rather, they are 
empirical markers of some type of liver darmage. 


Alkaline phosphatase 


The term aikaline phosphatase (ALP) describes a group of 
enzymes that hvdrolyse phosphate esters at alkaline pH, 
although the physiological substrate within the body is not 
known. ALP is present in several tissues, but the plasma 
component comprises mainly contributions from liver, 
bone, intestine and, during pregnancy, the placenta, There 
are two liver-derived isoenzymes. One derives from the 
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hepatocyte and the other from the exterior surface of the 
biliary canalicular membrane, The latter probably enters 
the bloodstream via the paracellular pathway (Fig. 12.3), 
although in the presence of obstruction it becomes distnib- 
uted throughout the cytoplasm and may enter the plasma 
directly from across the plasma membrane. The function 
of hepatic ALP is unknown but it may be involved in the 
transport of bile acids into bile. 

The activity of plasma ALP rises when there is any form 
of obstruction to the biharv tract, whether mechamical or 
otherwise. The simplistic assumption that this was due 
to failure of clearance by the obstructed liver was shown 
to be false in the 19605. The élearance of ALP was 
not dependent on a patent biliary system and during 
cholestasis, it was onlv the liver ALP that increased in 
activity, not the components from bone and intestine. 
Subsequent studies have shown that thus increase is due to 
de novo synthesis of alkaline phosphatase and it is possible 
in rat models to show that this 15 due to increased transia- 
aon of the ALP mRNA rather than to increased transcrip- 
üon, The activity is definitely of biliary origin and the rise 
is blocked if RNA synthesis is blocked, but obstruction is 
not the only mechanism; it appears that a high concentra- 
tion of bile acids 1s also required, perhaps to solubilize the 
ALP bound to the canalicular membrane. 

The site of obstruction of bilary obstruction may be 
at any level from high m the small intrahepatic bile ducts 
(for example, in primary biliary cirrhosis) down to the 
common bile duct (for example, gallstones). À rise in ALP 
activity usually predates the onset of clinical jaundice and, 
in those situations where surgical relief 1s possible, the 
return of plasma bilirubin to within the reference range 
usually precedes that of ALP. In a patient with symptoms 
of pain over the liver, an elevated ALP activity in the pres- 
ence of a normal plasma biirubin concentration is strongly 
suggestive of a hepatic space-occupving, lesion such as an 
intrahepatic tumour, or an infiitrative disorder, 

Overcoming the lack of tissue specificity In- 
creases in the activity of plasma alkaline phosphatase 
arc not specific for liver disease. Modest increases occur in 
pregnancy, during periads of rapid bone growth in child- 
hood and adolescence and because of disease at other sites, 
particularky bone disease where there is mcreased osteo- 
blastic activity. While bone disease (hepatic osteodystro- 
phy) may be a complication of long-standing cholestaric 
liver disease, the predominant form 15 osteoporosis, not 
osteomalacia. Increased ALP activity is not due to the 
coexistent bone disease. 

The specificity of the test can be enhanced by measur- 
ing specific ALP isoenzvmes, Early studies used starch or 
polyacrylamide gel electrophoresis on the serum sample 
followed by specific ALP staining of the gels. In normal 
scrum two or three distinct bands can usually be identi- 
bed, corresponding to the liver, bone and intestinal ALP 
isoenzymes. The liver band moves most rapidly to the 
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anode with a more diffuse bone band closels behind. 
When present, the intestinal band lies behind the bone 
band. Additional bands are seen during pregnancy (the 
same iscenzyme is also detected occasionally in patients 
with malhgnancy and is known as the Regan isoenzyme). 
In subjects with hepatocellular carcinoma there 15 occa- 
sionaliy à fast-running band. The technique is semi- 
quantitanve but it 15 usually visually obvious as to which 
of the iscenzymes is responsible for the increase in total 
aCTIVItY. 

An alternative approach 1s to repeat the standard ALP 
assay after first heating che serum at 56°C for 15 minutes. 
The liver and bone iscenzymes are sensitive to this treat- 
ment and 1f the increased total activity is due to either 
one of these, it will be reduced to about 40% or 15% of 
the original value, respectively. The placental isoenzvme 
activity remains unaffected by heating. This method is 
not as discriminatory as electrophoretic separation of the 
iscenzytmnes, but it is easier to periorm and can be used 
as a rough guide. 

In practice, however, when there 1s doubt about che 
origin of an increased plasma ALP activity it is customary 
to exarmime the results in relation to other enzymes, cleva- 
tion in the activity of which is more hver-specific. Thus, if 
the -glutamvy! transferase (see below) 1s also elevated, it 
may be inferred that the increase in ALP activity is prob- 
ably of liver origin. In a few situations elevation of ALP 
activity, apparentiy with hepatic specificity, may be seen 
in patients without overt liver disease, particularly those 
with Hodgkin's disease and some infections. 


The aminotransferases 


These enzymes, previously designated (and still frequently 
referred 10} as ‘transarminases”, catalyse the transfer of an 
amino group from an G-amino acid to an @-oxo acid. This 
is, of course, their intracellular function, An increase in 
their activity in the plasma is simply a marker of hepato- 
cyte disruption and, presumably, has no useful function. 
The two most widely measured for clinical purposes are 
aspartate aminotransferase (AST, previously known as 
glutarmate oxaloacetate transaminase, GOT) and alanine 
aminotransferase (ALT, previously known as glutamate 
pyruvate transaminase, GPT). These enzymes have a 
wide tissue distnbution. AST is found in liver, héart, 
skeletai muscle, kidney, brain, erythrocytes and lung. 
ALT has a similar tissue distmriburdion but activities are 
much lower in extrahepatic tissue so that an increase in 
plasma ALT is more specific for hver disease. In view of 
this wide tissue distmibunon 1 :s not surprising that 
increased activities are seen in extrahepatic disease such 
as rhabdomyoiysis where the enzymes are released from 
damaged rnuscle cells. 

The increased plasma activities of these enzymes scen 
in patients with liver disease are presumed to originate 


from necrotic or damaged hepatocytes, although actual 
necrosis is said not to be a prerequisite. It should not 
be assumed that the enzyme content of hepatocytes in 
patents with liver disease is necessaniy the same as in 
normal hepatocytes; in patients with metastatic liver 
disease, hepatocyte enzyme levels may be several times 
higher than normal. 

The aminotransferases are sensitive tests of heparic 
dysfunction. This is particularly well demonstrated by the 
observation that dunng epidemics of viral hepatitis, ami- 
notranaferase levels may be markedly elevated in asympto- 
matic individuals with subclinical hepattis. Generally 
speaking, the specificity of the test increases with enzyme 
level. Activities above 10 times the upper limit of the ref- 
erence range arc most frequently due to primary hepato- 
cyte damage so that the hepatic pathology will be some 
form of acute (viral or drug-induced) or chronic (such as 
autoimmune) hepautis. Occasionally, acute cardiac failure 
or shock may cause AS'T levels within this range, presurmn- 
ably due to a combination af increased hepatic venous 
pressure, low cardiac output and arterial hypoxia. Excep- 
tionally, such elevared activities may also be found in ob- 
structive jaundice, particularly when there 1s acute biliary 
tract obstruction or where cholangius supervenes on 
bilary tract obstruction. 

Values below 10 tirnes the upper limit of the reference 
range are non-specific and no aetiological inference can be 
drawr, More discrimination can be gamed by considering 
the amuinotransferase levels in relanon to the ALP, In 
general, the higher the AST:ALP ratio, the more likely 
the underlving condition is to be some form of hepatitis. 
Conversely, the lower this ratio, the more it is indicative of 
a cholestatic process. Plasma ALT acnivity is only mod- 
estly raised in patients with alcohohic hepatitis when com- 
pared with the other hepatitides, whereas the AST activity 
is often more markedly cievated. An AST/ALT rano of 
> 2, in a patient who appears on clinical grounds to have a 
hepatitic illness, strongly suggests that alcohol is mvolved, 

The mitochondrial iscenzvme of AST (mAST) 
MAST accounts for about S80%° of total AST activity 
within the liver cells. With the recent development of 
immunochemical methods for measurement of this en- 
zyme in serum there has been considerable interest in the 
use of the mAST/total AST ratio as a marker of chronic 
alcohol consumption. Preliminary studies suggest that 
the test adequately distinguishes between alcoholhes and 
normal subjects. irrespective of the presence or absence 
of liver disease, and is only elevated in association with 
chrome abuse. I1 may also be useful in distinguishing 
alcoholic from non-alcoholic liver disease. 


p-Ciutanryl transferase (YGT) 


This is a microsomal enzvme responsible for transfer 
of glutamvyl groupe from yglutamyl peprides ro other 


peptides or amino acids, Although widely distributed 
throughout most body organs except muscie, the plasma 
activity 1s mainly attributable to the liver isoenzyme, Ît 
may be involved in the transport of peptides across cell 
membranes as -glutamyl peptides, YGT has poor spe- 
cificity for hiver disease and even in a patient with jaundice 
it adds little to the information gained from measurement 
of AST and ALP. However, its measurement can be use- 
ful in two parucular circumstances. First, when the origin 
of an elevated serum ALP is uncertain, a concomitant 
elevarion in YCrT suggests that the ALP is of hepatic 
origin. The second relates to the controversial area of the 
relation of GT to chronic alcohol consumption. 

The laboratory tests for chronic alcoholism are dis- 
cussed in the next chapter. Here, we attempt to synthesize 
what is accepted about YGT and chronic alcohol con- 
sumption. Levels of YGT activity may be raised in 
patients with chronic alcohohsm because of enzyme in- 
duction by the alcohol and because of the hiver damage. 
The absolute level of CT is higher in those alcoholics 
with liver disease and there is a tendency for levels to re- 
main high after absrinence. In contrast, among alcoholic 
patients without liver disease only about half will have a 
raised YGT and this will usually fall to normal after 8 
weeks of abstinence. The height of the GT activity is not 
curectly related to éither the amount of alcohol consumed 
or the duration of its consumption. It is evident from the 
above that the efficiency of using CT for screening 
populations for excessive alcohol consumption will be 
poor. False positive results occur in those taking enzyme- 
inducing drugs and false négative results in thosé who 
do not have liver disease. Nonetheless, the finding of a 
markedly raised YGT (greater than five times the upper 
huit of the reference range) provides good reason to 
enquire diigently about possible alcohol abuse. 3GT re- 
mains the best of the simple laboratory screening tests 
and, depending on the population studied, the sensitivity 
is in the order of 50% and specificity about 85%. 


S'-Nucleondase (S-NT) 


This enzyme catalyses the hydrolysis of nucleoside 5°- 
phosphates such as adenosine 5’-monophosphate (AMP), 
relcasing inorganic phosphate, The enzyme is located 
tnainiy on the bihiary canahcular membrane and its plasma 
activity 1s increased im cholestasis, The main advantage of 
its use in this context is that there is no increased activity 
in subjects with any of the non-hepatic conditions in 
which ALP activity is increased, including bone diseases 
and Hodgkin’s disease or during pregnancy or penods 
Of rapid bone growth. However, the assay is complex as 
account must be taken of non-specific aikaline phospha- 
tasés that catalyse similar reactions. For this reason this 
enzyme is now scldom measured in the investigation of 
liver disease, 
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Glurathione S-trransferase (GST) 


Isoenzymes of GST are involved in the detoxification and 
conjugation of several electrophilic compounds with glu- 
tathione. As noted above, bilirubin and bile acids bind 
strongly to GST which is also involved in the metabolism 
of endogenous compounds such as some of the prosta- 
glandins. Immunological tests are now available for assay 
of the various isoenzymes and type B1, in particular, 
seems 10 be a sensitive test of acute hepatocellular dam- 
age. However, the assay is time-consuming and unlikely 
to enter clinical practice in the near future. 


Plasma proteins 


The concentrations of proteins in plasma réflect the bal- 
ance between availabiliry of their precursors and rate of 
synthesis, release and clearance as well as their volumes 
of distribution, and it is therefore not surprising that in 
patients with liver disease the levels are very variable. 
Apart from albumin, prealbumin and some coagulation 
proteins, specific plasma proteins have little utility in as- 
sessment of liver function in general; more often they are 
measured in the diagnosis of specific condirions such as 
ü,-antitrypsin deficiency and Wilson's disease. 


Aibumrin 


The liver synthesizes about 12g of albumin each day 
and, of che total body pool of 300 g, about 60%% is in the 
extravascular pool and 40% in the intravascular pool. The 
plasma half-life is about 21 days. Albumin is responsible 
for maintaining plasma oncotic pressure and binds several 
hormones, anions, drugs and faity acids. ‘There is no 
doubt that as chronic liver disease progresses the plasma 
albumin concentration tends to fall and it is a major prog- 
nostic factor (see p.235}, Nonctheless, it must not be 
assumed that plasma albumin is simply an indicator of 
hepatic synthenic function. 

The rate of hepatic albumin synthesis falls in the face of 
inadequate protein intake. This is a frequent occurrence 
in patients with advanced liver disease and particularly 
those in whom excessive alcohol consumption is impli- 
cated. Even when the rate of synthesis falls, plasma levels 
may remain within the reference range because of a com- 
pensatory reduction in the rate of degradation, Further- 
more, hypoalbuminaemia may occur in the face of normal 
or even increased rates of synthesis when protein ‘leaks’ 
into lymph, ascites or otherwise into the extravascular 
compartment. 


Prothrombin time and coagulation factors 


The prothrombin time (PT) is a test that has become 
widely used in hepatology. Quick's one-step prothrombin 
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uime measures the rate at which prothrombin is converted 
to thrombin in the presence of thromboplastin, calcium, 
fibrinogen and other coagulation factors (V, VII and X:). 
In turn, the thrombin leads to the conversion of fibrino- 
gen to Gbrin. Prothrombin and factors VII, IX and X all 
require vitamin K to become active. 

Thus, there are two reasons why patients with liver dis- 
case may have a prolonged PT, each with different diag- 
nostic implications. Firstly, the Hver may be so damaged 
that it cannot adequately synthesise the clotting factors 
which require vitamin K for their activation. Secondly, 
since vitamin K is a fat-soluble vitamin, 1t may be defi- 
cient because of impaired fat absorpuon when there is 
obstructive jæundice. The latter situation is remediable 
by parenteral administration of vitamin K (10 mg). Thus 
return of the prothrombin time to the normal range 
within 18 hours may be taken as evidence of abstructive 
jaundice, whereas failure to respond implies severe 
parenchymal disease. 

‘The concentration of factor V is becoming à widely 
used test in assessing the sevenity of fulminant hepatic 
failure particularly in continental Europe: low factor V 
concentration is associated with a poor prognosis. 


Aiphafetoprotean 


Under normal circumstances, the synthesis of this pro- 
tein, the ferai equivalent of albumun, virtually ceases 
shortly after birth., The protein is synthesized in great 
amounts in about 70%% of patients with hepatocellular 
carcinoma and to lesser degrees in certain other tumours 
and benign liver diseases (see Ch. 39). 


= Antiirvpsis 


This protein is he major &,-globulin and responsible for 
90% of plasma tryptic inhibitory capacity. &.-Antitrypsin 
deficiencys 15 a major cause of chronic liver disease in 
children (see p. 252). 


Transferrn 


Transferrin is the major circulating iron-binding protein 
and its concentration correlates with the total iron-bind- 
ing capacity of plasma. In states of iron overload, such as 
idiopathic haemochromatosis {see Ch. 13) the concentra- 
tion is normal, but the saturation is berween 55 and 
90% compared to the reference range of 30-400. Alcohol 
appears to inhubit the glycation of several glycoproteins 
and measurement of desialvlated transferrin has been 
proposed as a marker of excessive alcohol consumption. 
Plasma cransferrin has been suggcsted às a more appro- 
priate indicator of protein synthesis in view of its shorter 
half-life. 


Caeruloplasnein 


This protein, the principal copper-containing protein in 
the plasma, has oxidase activity mcluding the ferroxidase 
activity essential for transformation of Fe(fl) to Fe{lil. 
It consists of a single polypeptide chain containing six 
copper atoms but there is minimal turnover of the copper 
suggesting that it does not act in respect to copper as 
transferrin does to iron. In the context of liver disease it 
plays an important role in the diagnosis of Wilson'’s disease 
since in this condition it is virtually absent from plasma. 


Acute phase reactants 


In response to tissue damage theré is an increase in 
hepatic synthesis of several plasma proteins, notably C- 
rcactive protein, antichymotrypsin, fibrinogen and caerulo- 
plasmin, It has been suggested that this reaction helps 
phagocytic cells during the inflammatory response, with 
interleukins acting as thé messenger bénween macro- 
phages and hepatocytes. This topic is discussed in greater 
detail in Chapter 40. 


Bile acids 


The physiology of bile acids has been described in brief 
above, In normal subjects, the level of plasma bile acids 
(PBA) 1s determmned by the difference berween the 
amount absorbed from the gut and that taken up by 
the liver. The latter is fairly constant and normally, it is 
the amount absorbed from the gut wluch determines 
plasma concentrations. Under pathological conditions, 
hepatic blood flow and clearance become the derermining 
factors so that measurement of PBA may be considered as 
an endogenous clearance test. 

However, PBA estimations have not been adopted in 
routine chinicai practice. Partis this is because, until re- 
cently, the tests were difficult to perform, but even with 
the development of rapid commercially available assays it 
has been difficult 10 show clear advantages in terms of 
sensitivity and specificity over conventional liver tests as 
described above. The results in terms of abnormal tests 
seem to be the same whether different techniques are used 

for example, radioimmunoassay for conjugated primary 
bile acids (glycocholic and chenodeoxycholic) or enzvmic 
assays for 3@ bile acids. 

It is helpful to consider the merits of PBA estimations 
along the same lines as those proposed for the standard 
liver function tests: 


1. Does the test help answer the quesnion, ‘Es there anv 
evidence of tuer dusfuncrion ? Here the answer is ves but the 
test is no better than measurement 6f one of the amino- 
transferases, False positive results may occur when there 
is bacternal overgrowth in the small intestine and when 
there ts portosystemic shunting. False negative results may 


occur in the presence of ileal dysfuncrion when changes 
in bile acid levels will be less pronounced or absent, 

2, As an aid to making a specific diagnosis. The variation 
in PBAs in different categories of liver disease 15 so wide 
that they have little diagnostic import. Some studies have 
shown that the addition of PBA levels to the conventional 
tests will increase discrimination, 

3. Lo estabhsh the severity of Huer dysfunchon once a spe- 
cifie diagnosts has been estabhäshed. The PBA concentration 
is closer 10 being à quantitative test of liver function than 
are the standard tests inasmuch as levels tend te be higher 
in patients with severe disease (as assessed histologically) 
than in those with mild disease. This 15 of potential value 
in, for example, distinguishing chronic persistent from 
Chronic active hepatitis, thereby potentially eliminating 
the need for hiver biopsy. However, there is sull overlap 
and in practice, histological examination of liver ussue 
remains the gold standard. 

4. To monitor the progression of the disease and any re- 
sponse thercof to therapeutic intervention. Measurements of 
FHRAs may be more sensitive than aminotransferases in 
monitoring response to immunosuppressive therapy or de- 
tecting drug-induced Hiver dysfunction although whether 
thus is of any practical benefit has not been established. 


Quantitative evaluation of liver function 


The very limited extent to which standard liver tests 
give any objective measurement of hepatic function has 
already been discussed. To overcome these deficiencies, 
several tests that measure the efficacy of heparic clearance 
of some test compound, exogenous or endogenous, have 
been investigated over the last 20 vears. To date, none 
has entered routine clinical practice. The main reason :s 
that they require administration of the test substance and 
then subsequent collection of blood er other body fluids, 
sometimes over a protracted period. While much effort 
has been expended in simplifying these tests, the Imforma- 
tion gained is Seldom seen as justifving the necessary 
éxpenditure of time and effort. 

Two things may change this state of affairs. With the 
advent of hiver transplantation as a realistic therapeutic 
option in many forms of liver disease, it is becoming in- 
creasingiy important to be able to give a more precise 
prognosis based on an accurate assessment of liver func- 
uion. Second, many liver diseases are of such chronicity 
that measurement of the efficacy of a new drug in térms of 
its effect on survival is, in practical terms, impossible. It 
would therefore be useful if a test could be developed, 
improvement in which might indicate an effecuve drug. 


Pharmacoloncal bass and pracncal requirements of clearance 
lesfs 


The concept of cléarance as a test of hepatic function 
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is analogous to the more famuliar use of clearance as an 
index of renal funcuion. The substance chosen should be 
non-toxx, exclusively ehmminated by the liver and easily 
measurable, 


Clesrance = hepatic removal/arterial nlasma concentration 


Hépatic removal = plasma flow * (arterial hepatic venous 
plasma concentration) 


Thus: 


Clesrance = plasma flow x (arterial hepatic venous 
concentration}/arternal Concentration 


Clearance is thus a funcuion of plasma flow and the 
second term in the above equation, the hepañic extraction 
ranho, E. When the extraction ratio approaches 1, the 
cléearance equates to hiver blood flow. In normal subjects 
the value of E for indocyanine green is about 0.9 and the 
clearance of this substance is indéed a good measure of 
blood flow. In liver disease, however, E may fall to as low 
as 0.2 and the clearance is no longer dependent on blood 
flow but more on the abiliry of the hiver to clear the com- 
pound. Compounds such as aminopyrine, antipyrine and 
caffeine have extraction rauos of less than 0,25 in normal 
subiects and, provided saturating doses are given, clear- 
ance is largely independent of blood flow. 

The aminopyrine (demethylation) breath test 
Thus test, based on cleavage of the methyl groups of #C- 
labelled aminopyrine, is an indirect measure of functional 
hepatic microsomal mass. Aminopyrine has à low hepatic 
extraction, neégligible protein binding, metabolism 1s 
largels by the liver and cleavage of the label is the rate- 
imuting step. In these respects it approaches the ideal test, 
but the requirement for administration and measurement 
of 4C (or °C} still preciudes its widespread use. 

An oral dose of [C]-meéthyl labelled aminopyrine 15 
given and the amount of "CO. in the breath (which corre- 
lates well with clearance of aminopyrine from the blood) is 
then measured. The result is expressed as the percentage 
of total dose administered excréted at a certain time, 
usually at 30 min or 2h. The test has proven effective 
in several situations, including assessment of short-term 
prognosis of alcoholic heparitis and paracetamol-induced 
liver failure and the disunction between chronic active 
and chronic persistent hepatitis. However, in longer term 
studies of patients with chronic liver disease, serum albu- 
min concentration was a better indicator of survival. 

Antipyrine clearance Antipyrine is completely and 
rapidiy absorbed by mouth and the volume of distribution 
cauals the total body water, Clearance is independent of 
hver blood flow and plasma concentration is accurately 
reflected by salivary concentrations. Antipynne is almost 
entirely metabolized by hepatic P450 cevtochromes and 
the formanon of each of the three major metabolites is 
probably dependent on à specific member of the P450 
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family of enzymes. It appcats that clearance is best deter- 
muned from a reading at a single time point, 


Clearance = V,[In(D/V,C.}ft (mL/min) 


were D = dose, t = time in minutes since dose given and C, 
= concentration at that time, The volume of distribution 
(V.) 1s calculated on the basis of height, age and sex. 

Cufleine clearance (Caffeine is metabolized exclu- 
sively by che Liver. Since N-demerthvylation represents the 
major rate-limiting metabohc pathway, the clearance of 
caffeune was initially assessed after °C labelling and meas- 
urement of CO, as in the aminopyrine breath test, Smce 
the original description the test has been simplified and 
caffeine can now be measured in saliva. Results correlate 
closely with other dynamic tests including galactose toler- 
ance and antipyrine clearance, 

Galactose elimination capacity (GEC) This was 
one of the first liver tests dévised. À standard dose of ga- 
lactose is administered intravenously and samples taken 
every 10 mn over 1 hour. The result is usually expressed 
as an elimination capacity rather than simple clearance 
because the relation berwéen V.. and half-life 15 compiex. 
The équation used 15: 


M — 


GEC = tn +7 


wére m1 15 the dose imected, u the amount excreted in the 
urine over the subsequent 4 hours and tv... is the time at 
which the drug concentration reaches zero as calculated 
from extrapolation of the linear part of the disappearance 
curve. The value “7” is imcluded to compensate for the 
fact that the blood concentration of galactose is lower than 
the concentration in its volume of distribution. 

The GEC has proved useful in distinguishing those 
cases Of fulminant hepatié failure which prove te be 
fatal. In chronic liver disease, univariate analvsis showed 
the test to be closelv correlated with survival, However, 
when multivariate analysis was undertaken, including 
other prognostic factors, the GEC was not of prognostic 
sigrificance. 

Bromsulphthalein (BSP) élimination This was 
one of the Grst tests available but it has now largely been 
abandoned because of side-effects. The drug was given as 
a bolus and plasma levels measured at 45 min. If senal 
measurements are made, the slope or dhe first part of the 
disappearancé curve provides a measure of hépatic secre- 
tory function. À second continuing role 1s in the diagnosis 
of Dubin-Johnson syndrome {see p. 232). 

Indocyanine green (ICG} Unlike BSP, ICG 15 not 
comugated within the liver although its removal from the 
plasma depends on hepatic function. Ten mgkg body 
weight is administered intravenousiy and samples taken at 
3 min intervals berween 3 and 15 min. The percentage 
disappearance rate {PDIR) ïs calculated as: 


PDR = 0.693/L. 


where L, is the half-life of indocyanine green, The refer- 
ence range is between 17 and 22% and figures below this 
range are considered abnormal, 


Other tests of liver function 
Sert tests for heparic fibrosis 


Fibrosis and ultimately cirrhosis are charactenistic features 
of progressive chronic liver disease and responsible for 
much of the associated funcuonal disturbance and portal 
hypertension. In chronic liver disease, collagen is laid 
down in the perisinusoidal space (see Fig, 12.3) and the 
space 6f Disse to the extent that thé fenestrations are lost 
and the sinusoids become capillarised with a true base- 
ment membrane, Increasingly, therapy is aimed at revers- 
ing or at least inhihiting this process but until recently the 
only method of assessing the extent of fibrosis or response 
to therapy was by histological examination of liver tissue. 
To avoid the need for such invasive investigations, bio- 
chemical methods arc being pursued. 

Quantitatively, types I and II collagen are involved in 
hepatic fibrosis but type IV is also important in basement 
membranes. Radioimmunoassay of the procollagen pep- 
uide TI (PIIIP) in plasma shows promise as a non-invasive 
marker of collagen type II metabolism. Although sull 
used as a research tool, there is good evidence that the 
test correlares with the activity of fibrogenesis and may 
even predict whether or not fibrosis will cécur after an 
acute liver disease, Other approaches, such as messure- 
ment of the carboxy terminal crosslinking domain cf type 
IV collagen, are being actively investigated. 


Hyaluronate 


Hyaluronate 15 a high molecular weight glycosamino- 
glycan that is a constituent of the extracellular matrix. 
Ït is synthesized by the fat-storing cells and cleared by 
specific uptake by endothehal cells. This compound is 
currently under investigation as an early marker for pri- 
mary biliary cirrhosis, acute rejection following liver trans- 
plantation and in fulminant hepatic failure. 


Bicod alcohol 


Blood alcohol measurements are not a test of liver func- 
on. However, excessive alcohol consumption is a major 
cause of liver disease in Western countries {see Ch. 13) 
and because it is common experience that patients often 
give an maccurate account of their alcohol consumption, 
there is a temptation to attribute all chronic liver disease 
of unknown actiology to excessive alcohol consumption. 
In this situation the finding of a high blood alcohol con- 


centration in a patient who demies drinking is a great help 
in diagnosis and practical management. 


USES OF LIVER FUNCTION TESTS 
L'ifferential diagnosis of jaundice 


The differential diagnosis of jaundice is an exercise in 
applied physiology and anatomy, Provided the reader 
accepts that there is seldom a single mechanism, the tradi- 
uional classification into prehepatic, hepatic and post- 
hepatic remains useful, In each use, bilirubin is being 
synthesized faster than it can be cleared, 


Prehepatic jaundice 


In prehepatic jaundice an increased bilirubin load :s pre- 
sented to the liver and the plasma bilirubin level reaches 
a steady state at à higher level, typically in the range 50- 
75 üimol/L. À haemolytic process due éither to fragile red 
cells (e.g. congenital spherveytosis) or an autoimmune 
attack on the red cells is usually implicated, The bilirubin 
is unconjugated and thus does not appear in the urine, 
hencé the alternative term of haemolytic anaernia, ‘acho- 
lunic jaundice”. Since there is no liver disease, the liver can 
conjugate and excrete the increased bilirubin load but the 
levels of urinary and faccal urobilinogen will be increased. 
Às the haemoglobin concentranon starts to fall as a result 
of the haemolytic process, the bone marrow will attempt 
to compensate by increasing the output of red cells, The 
maximum increase that the marrow can achieve (about 
eight times the normal rate) corresponds to a plasma bi- 
hrubin level of about 75 umol/L. 

If, however, haemolysis occurs at such a rate that 
compensatory marrow hyperactivity cannot kecp pace, 
then the haemoglobin level will fall and higher plasma 
bilirubin levels may be seen. On the other side of the 
equation, if the liver is damaged then its ability to take up 
the bilirubin will be limited and levels of bilirubin greater 
than 75 umol/L may occur. Thus, when a patient is found 
to have mild jaundice and there is no bilirubin in the 
urine, examination Of the haematological indices will 
usually be suflicient to make the diagnosis of some form 
of haemolytic anaëemia, especially as che liver tests will, 
by contrast, be normal, Estimation of the conjugated and 
unconjugated fractions becomes of particular impor- 
tance in determining if, in à patient already known to 
have chronic liver disease, haemolysis is contnibuting to 
deepening jaundice. 

Crinary bilirubin and urobilinogen The presence 
Of bihrubin in unne (usually detected by commercially 
available dip-sucks) is always pathological and indicative 
of hepatic or billary tract disease. Bilirubinura may pre- 
cede hyperbilirubinaemia and therefore be a very sensitive 
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test of impending Hver darnage, for example, in the early 
présymptomatc stage of viral hepatitis. 

If bile pigments reach the gut in reduced amounts (as 
in obstructive jaundice) then the amount of urobilinogen 
in the urine will decrease accordingly. If no urobilinogen 
can be detected on repeated testing over several days, 
complete biliary tract obstruction, the most common 
cause of which is pancreatic carcinoma, may be assumed. 
However, as the test is difficult to perform and there are 
much more reliable and accurate ways of diagnosing 
biliary obstruction, the test is becoming obsolete. 


Hepane (hepatocellular) jaundies 


This type of jaundice occurs m conditions characterized 
by primary damage to the hepatocytes — that is, acute and 
Chronic hepatitis of any cause. The excess bilirubin 15 
mainiy conjugated. 


Posthepatic (cholestatic) jaundice 


Cholestatis means failure of biliary secretion, As originally 
defined, the term referred 10 failure at the level of the 
hepatocytes, but in clinical practice it is more broadly de- 
fined to include obstruction to bile flow occurming any- 
where between the heparocytes and the gut. In cholestatic 
jaundice, thé hyperbilirubinaermma is due to conjugated 
bilhirubin. 

Further investigation The crucial decision for the 
chnician to make in a patient with conjugated hyper- 
bilirubinmaermia is to decide whether or not a surgical ap- 
proach is appropriate, as mistakes can have disastrous 
consequences. The role of the liver function tests 1s clear: 
it is to suggest the most appropriate second line investiga- 
tion. In general, if the plasma aminotransferases are high 
and there is only slight increase in ALP activity the picrure 
is regarded as ‘hepatitic’, The approach is primarily medi- 
cal, possibly guided by the result of a hiver biopsy and 
other tests. On che other hand, if the predomainant rise 
is in ALP the picture is regarded as ‘cholestatic’ and it is 
important to determine the level at which there is failure 
of bile flow. This is achieved using imaging techniques, 
for example, ultrasound examination, endoscopic retro- 
grade cholangiography etc. Obstruction 10 bile flow 
outside the hiver 15 usually an indication for surgical 
intervention. 

Having said this, imaging techniques have become 
so widely available and reliable chat the great maiority of 
patients with jaundice of unknown origin will have at least 
an ultrasound or radiological examination irrespective of 
the hiver function tests. Perhaps only in general practice, 
if the clinical picture and ‘“hepatitic" liver function tests 
suggcst acute hepatitis, will radiological examination not 
be undertaken. 
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The inherited hyperbilirubinaemias 


The inherited hyperbilirubinaemias are considered here 
because they illustrate specific disturbances of the path- 
ways of bile pigment metabolism. Other than the specific 
defect, the Hiver functions normally and apart from the 
plasma bilirubin, the results of most of the LFTSs are 
within the reference range. Conventionalls these disorders 
are classified as conjugated and unconjugated types, Un- 
comugated hyperbilirunaemua is said to be present when 
less than 20%% of an increased bilirubin level 15 in the 
conugared form, 


Cinconugated types 


The Crigler-Najiar syndrome This is an extremels 
rare condition caused by a complete absence of UDP- 
elucuronyl transierase activity with respect to bilrubin 
glucuromdation and inhernted in an autosomal recessive 
manner, The molecular basis of the condition shows con- 
siderable heterogeneity, There is à failure to conjugate 
bilirubin and the child becomes very deeply jaundiced 
within the first few davs of life, most of the plasma bi- 
Brubin being in the unconjugated state, The unconjugated 
bihrubin can cross che blood-brain barrier and be depos- 
ited in the basal ganglia, leading to a condition known as 
kermmicterus, In the most severe form ftvpe 1) death usually 
ensues within the first year of Life, although repeated pho- 
totherapy has been used successfully to reduce bilirubin 
concentrations and hepatic transplantation is now a viable 
option. In a second type, Crigler-Naïjjar syndrome (rype 
2), the activity of UDP-glucuronvl transferase is consider- 
ably reduced, but not to zero, and the activity can be in- 
creased by giving phenobarbirone which induces synthesis 
of the enzyme. 

Gilbert's syndrome This, by contrast, is à common 
(occurring in approximately 5% of the population} and 
entirely benign condition characterized by recurrent epi- 
sodes of muild jaundice, the plasma bilirubin concentration 
being less than 100 ymol/L. Jaundice 15 often associated 
with intercurrent illnesses and calonc deprivation. Gilbert’s 
syndrome is probably inherted in an autosomal dominant 
manner. Other tests of liver function are within the re- 
ference range and liver histology is also normal, It should 
be remembered that caloric deprivauon (see below) often 
occurs during hospital admission for intercurrent ilinesses 
and the resultant jaundice in an individual with Gilbert’s 
syndrome may be regarded as a dire complication 1f the 
diagnosis is not known. The mechanism of the jaundice 
is less clear than in Cngler-Naïjiar syndrome. Decreased 
hepatic bilirubin uptake 15 commonly present, but de- 
creased conjugation of bilrubnin is demonstrable in some 
individuals, with Gilbert's syndrome. 

In addinon té showing, 1f possible, that the bilirubin 
is uncoryugated, and excluding haemeolysis, the nicotinic 


acid test or the caloric deprivation test is sometimes used 
to confirm sa diagnosis of Gailbert's syndrome, These involve 
either giving a single dose of 500 mg of nicotinic acid or 
+8 hours of a low calonc diet (800 kçal/24 h}, after each of 
which there is a two to threefold mcrease in uncomugated 
bilirubin in subjects with Gübert's syndrome, Much 
smaller increases, or no mcréase at all, occur in normal 
individuals. Neither of these tests is widelv used nowadays. 

The most specific test is to detect the decreased ratio of 
conjugated to total bihrubin by alkaline methanolvsis- 
HPLC but this is not widely availablé at present. Some 
chnicians prefer to undertake liver biopsy to confirm that 
the liver 15 otherwise normal bur others are content to 
make the diagnosis on the basis of che hiver tests, exclusion 
of haemolvysis, absences of other signs or symptoms and 
careful follow-up. 


Comugated types 


Dubin-Johnson syndrome This is an uncommon 
condition inherited in an autosomal recessive manner and 
characterized by decreased biliary canalicular transport of 
organic anions. It results in a mild fluctuating jaundice 
that may present at any age from birth to adult life, but 18 
often precipitated by use of the contraceptive pill, during 
pregnancy or following specific investigation when a rela- 
uve 15 found to have thé condition, 

Typically the standard liver function tests are within 
the reference range apart from the plasma bilirubin level, 
Intravenously injected bromsulphthalein 15 cleared nor- 
mally by the liver but there is failure of excretion and the 
dye refluxes into the plasma giving à secondary rise im 
concentration that is very characterisnic of the condition. 
The liver biopsy appears black due to an as vet unidenti- 
fed pigment. 

À second characteristic defect of this syndrome is that 
most of the urinary coproporphyrin is type I 'whercas in 
unaffected subjects it is mainly type IL. The total amount 
of urinary coproporphvrin is normal and the abnormality 
is probably related to à differential excretory capacity for 
the two isomers. 

Rotor’'s syndrome Like Dubin-Johnson syndrome, 
this is an autosomal recessive condition characterized by a 
moderate flucruating jaundice, few symptoms and having 
a good prognosis. However, several differences from 
Dubin-Johnson syndrome are evident, In particular, there 
is no pigment in the liver and no secondary rise im BSP, 
suggesting that the pathophysiology is fundamentally dif- 
ferent, probably representing à disturbance of hepatic 
storage and uptake. 


Monitoring response to therapy 


Liver biopsy, sophisticared imaging tests and specific bio- 
chemical tests outlined in the next chapter are helpful in 





establishing a precise diagnosis in liver disease but they 
have limited use in regular appraisal of disease progression 
or response to treatment, This reflects both their cost (in 
the case of the imaging) and safety aspects (in the case of 
liver biopsy}). Herein lies a maor role of the standard liver 
function tests. 

There are three broad groups of situation in which 
monitoring of treatment is useful: 


1, Documenung the return of ‘normality” in acute con- 
ditions and early detection of progression to chronicity. 

For example, after an attack of acute hepaurtis B or C, a 
few patients will progress vo a chronic carrier state, some- 
tümes with progressive liver disease ending in Cirrhosis and 
perhaps liver cell cancer, The chronic state is defined as 
being present if there arc signs and/or abnormal liver 
tests 6 months after the onset of the disease, Monitoring 
of patients with hepatitis À is usually not necessary 
unless the attack is particulariy severe, Under such cir- 
cumstances progresuive detenoration in hiver tests and 
prolongation of the prothrombin time may herald the 
onset of acute liver failure and referral to a specialist unit 
1s required. 

2. Monitonng response to 
condisons. 

Good examples here are in the immunosuppressive 
treatment of autoimmune Chromc hepatitis and imterféron 
treatment of chronic viral hepatitis; other examples are 
described in chapter 1% Specifically, in the case of 
chronic heparitis € virus infection there are, currently, no 
rcadily available specific tests to assess response to anti- 
viral therapy and until these are developed, changes im 
AS T activity are being used to monitor progress. 

3. Detecting hepatotoxicity due to drugs. 

Monitoring of liver function tests is undertaken for all 
new drugs entering clinical practice and any abnormalities 
taken as evidence of hepatotoxicity (see Ch. 13). 


treatment of chromc 


Neonatal jaundice 


Normal full term babies may be jaundiced from the 
second to éighth day of life and premature babies from the 
second to tenth or even 14th day, This s0-called ‘physio- 
logical”" jaundice séldom exceeds 100 umol/L and is pre- 
dominantiy unconjugated, reflecting a combination of 
increased red cell destruction, decreased hepatic uptake 
and resorption from the gut. Jaundice detectable on the 
first day of life or outside the range described above is 
pathological, as is conjugated hyperbilirubinaemia at anv 
time. 

When the level of bilirubinaemia 1s very high (greater 
than 300 pmol/L. m full term infants but lower in prema- 
ture babies) the fat-solubie unconjugated bilirubin may 
across the blood-brain barrier and cause brain damage 
(kernicterus), This may occur at lower levels in premature 
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babies. Prophylactic treatment 1s by phototherapy and/or 
exchange transfusion, Thus, while measurernent of plasma 
bilirubin is not indicated as a routine in jaundiced babies, 
it does become important when the jaundice is deepening. 


The neonatal hepatitis syndrome 


This syndrome, of which there are several causes, de- 
scribes a neonate usually less than L month old wirh pale 
stools, dark urine and hepatomegaly, who is faling to 
thrive. In common with adult practice, the major problem 
is to identify those cases which are amenable to effective 
surgical intervention, parucularly congenital bilhary atresia. 
It is crucial to confirm that the biliary uract is atretic 
before embarking on surgery. 

Tests of bile duct patency The rose Bengal dvc test 
has proved useful in identifving cases of extrahepatic 
néonatal obstruction. If less than 10%% of an intravenously 
administered dose 1s excreted in the stools over a 72h 
period this is strong evidence for biliary obstruction. Cur- 
rently technetium labelled hepatobiliary imaging agents 
such as HIDA {hydroxvindole diacetic acid} are becoming 
used more than rose Bengal., In combination with liver 
biopsy, accurate results are achieved in the great majority 
of cases. 


ABNORMAL LIVER FUNCTION TESTS [N 
ASYMPTOMATIC PATIENTS 


With the use of autoanalvsers, health screemng pro- 
grammes and medical examinations for imsurance pur- 
poses, the laboratory will, with increasing frequency, be 
consulted about the significance of abnormal liver tests in 
patents who are entirely asymptomatic, While the poten- 
tial for generanng needless anxiety 1s great and not all 
conditions diagnosed are treatable, much evidence sug- 
gests that such abnormalities should be taken seriously 
and that referral for a specialist opinion and ultimately a 
hver biopsy is usually indicated and justifiable. 


Frrrubim 


Isolated increases in plasma bilrubin ususlly indicate 
Cnlbert’s syndrome. The concentrauon is never greater 
than 100 umol/L and usually in the range 20-50 imol/L. 
This hyperbilirubinaemia is unconjugated and other 
standard liver function tests are normal (see p. 232). 
Measurement of haemogiobin, reticulocyte count and, if 
necessary, haptoglobins will eliminate haemolysis as s 
causé. 


Aikalhine phospharate 


In young people, an isolated increase in the activity of this 
enzyme 15 often physiological, Increased activity occurs 
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during periods of rapid bone growth and during preg- 
nancy. In older subjects, if the enzyme is predominantly 
of hepatic origin, primary biliary cirrhosis is the most 
likely diagnosis and estimation of antimitochondrial anti- 
body (see next chapter) will speed the diagnostic process. 
Subclinical malignant liver disease (primary or secondary) 
may also produce an isolated rise in plasma alkaline 
phosphatase activity. 


Aminotransferases 

In about 60% of cases, isolated increases in the activity of 
these enzymes will be attributable to fatty infiltranon 
of the liver associated with excessive weight, diabetes 
mellitus, or excessive alcohol consumption, Once coexist- 
ent drug administration has also been excluded, most who 
have persistently elevated enzyme levels will have some 
form of chronic active hepatitis (CAH) and a smaller per- 
centage will have rare conditions such as haemochromato- 
sis and @,-antitrypsin deficiency. Many of those with 
CAH will have high plasma titres of autoantibodies 
(smooth muscle and/or antinuclear) (see next chapter) 
and on histological examination, cirrhosis is often present. 
Subclinical hepatitis À is another possibility and, particu- 
larly in subjects born outside the United Kingdom or 
those with a history of drug abuse, chronic viral hepatitis 
should be considered. 


+-Glutamyl transferase 


Marked and persistent elevation in YGT activity may 
be an indicator of unrecognized excessive alcohol con- 
sumption but it is by no means specific and may also be 
detected in most subclinical liver diseases. Other enzyme- 
including drugs and non-hepatic conditions including 
pancreatic disease, hypothyroidism and certain neurologi- 
cal disease may also give rise to isolated increases in YGT 
activity. 


NORMAL LIVER FUNCTION TESTS IN THE 
PRESENCE OF OVERT LIVER DISEASE 


Standard liver function tests within the reference range do 
not exclude chronic liver disease. Entirely normal rest re- 
sults may be present in patients with ‘inactive’ cirrhosis, 
ie. where there is little or no ongoing liver damage or 
inflammation, Common examples include alcoholic cir- 
rhosis after abstention from drinking and autoimmune 
chronic hepatitis which is well controlled on immuno- 
suppressive therapy. In the presence of normal standard 
liver function tests, signs of portal hypertension (such 
as ocsophageal varices, which are usually indicators of 
chronic liver disease) should also raise the possibility of 
portal vein thrombosis, In this situation the prothrombin 
time is often modestly prolonged. 


Absent 
None 
<25 
>35 


HS ee oasis Sd à pales cube 2 + Er 
(Grade A), moderate in those with 7-0 points (Grade B) and severe 
in chose with 10-15 points (Grade C) (Pugh R NH et al, Br ] Surg 
1973; 60: 646-530), 





ROLE OF LIVER FUNCTION TESTS IN 
ASSESSING PROGNOSIS 


Orthotopic liver transplantation for liver failure is now 
a well-established form of management. Nonetheless, the 
operation is not without risk and the precise timing of the 
procedure is still difficult. Ideally it should be undertaken 
only when the patient’s life expectancy is less than what 
might be expected after the operation. Several models 
which aim to permit calculation of likely survival without 
transplantation have recently been developed. Amongst 
the variables considered in these models, some ‘standard’ 
liver function tests figure prominently. 


Chronic liver disease 


An early system, still widely applied, is the Child- 
Turcortte classification which was later modified by Pugh 
et al (Table 12.1), This was an entirely empirical formula- 
tion designed primarily to assess the degree of risk of liver 
failure in patients undergoing surgical operations but has 
since been used as a general measure of sevenity of liver 
disease and hence likely survival. 

Early attempts 10 define prognosis more accurately in- 
volved patients with primary bihary cirrhosis. In this con- 
dition the plasma concentration of bilirubin remains within 
the reference range for several years before starting to rise 
in the latter stages of the disease. Statistical analysis based 
on a large group of patients permitted the calculation of 
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2.52 » log serum biirubin 
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+0,88 (f cirhogis ks present) 
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Fig. 12.10 Prognosis for survivel in primary biliary cirrhosis, The prognostic index 15 calculated 
from the above equation and the estimated survival read off from the accempanving graph. 
(Christensen E et al, Gastroenterologys 1985; 89: 1084.91 ) 


median survival periods in relation to the plasma bilirubin 
level or changes therein {Table 12.2). Since then, more 
sophisticated equations have been derived from multi- 
variate analysis of large patient databases, In general, the 
staustical analysis gencrates a formula from which a ‘prog- 
nostic index’ (PD can be calculated, The PT may then be 
translated into a figure representing the probability of sur- 
viving à certain number of years. One example of a prog- 
nostic index used for primary biliary cirrhosis is tllustrated 
{Table 12.2 and Fig. 12.10). 

The standard liver function tests feature prominently in 
all indices derived from patients with chronic liver disease 
to date. In general, plasma albumin and prothrombin time 
are the best indicators of long-term survival, Plasrna 
bilirubin elevarions are, in most forms of chronic liver 
disease, a late occurrence and also Ôf poor prognostic 
significance. 


Acute ver failure 


Liver transplantation for acute liver failure is a more re- 
cent development but again laboratory investigations are 
important in assesaing the likelihood of survival without 
transplantation. For example, in patients with paraceta- 
mol-inmduced acute liver failure an arterial pH of <7,3 
or, 1f this feature is absent, the combination of grade 3 
encephalopathy, a prothrombin time > 100 secs and plasma 
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SUMMARY 


There are three categories of liver function tests. These 
are the standard tests, e.g. plasma bilirubin and albumin 
concentrations and the activities of various enzymes; 
clearance tests, and thirdiv, tests used in the management 
of specific liver discases. 

In general, the standard liver function tests are poor 
indicators of hepatic function and seldom provide a spe- 
cific diagnosis; it is important not to overinterpret their 


results. They may, however, provide a guide to further 


investigations which may give a specific diagnois, for 
example, imaging by isotopes, ultrasound or radiography 
or histological examination of biopsy material. The stand- 
ard liver function tests can be of value prognosnically and 
in screcming for hver disease and are vital in the monitor- 
ing of liver disease and its response to treatment. 

Many clearance tests, designed to be true tests of func- 
tion, have been devised, Al are cumbersome to perform 
and none has been accepted into routine praäctice. 

Tests for specific liver disease, e.g. plasma alphafeto- 
protein, plasma copper and cacruleplasmin, can be diag- 
nostic and arc also used in management. 
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CLASSIFICATION OF LIVER DISEASE 


Liver disease is best classified according to its presumed 
aetiology (Table 13.1). This is then qualified by the patho- 
logical state of the liver where known or inferred: usually 
cirrhosis, inflammation (i.e. hepatitis) or cholestasis. 
Thus, terms such as alcoholic cirrhosis, viral hepatitis or 


Acute and chronic liver 


cholestasis of pregnancy all conform to this classification. 
Some idea of the severity of the disease is given by the 
terms ‘compensated’ and ‘decompensated”. The term 
‘compensated” implies that although the hiver has been 
damaged it can, because of its large functional reserve, 
still function adequately. On the other hand, the term ‘de- 
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compensated’ implies chat the hiver is failing in some vital 
funcrion. The terms are not well defined but the develop- 
ment of ascites, jaundice or hepatic encephalopathy, in a 
pauent known to have liver disease, would all be regarded 
as signs of decompensation. Finally, the presumed evolu- 
non of the disease in me is given by the terms of fulmi- 
nant, acute, subacute or chronic. 


ACUTE HEPATITIS AND IFS SEQUELAE 


The term ‘hepatitis’ is not synonymous with viral hepati- 
us. It simply means that there is hepatic inflammation 
for which there are several Causes: viral infections, drugs 
(including alcohol} and toxins. The standard ‘liver func- 
tion tests’ (LFTSs) are involved in determining that acute 
hepatitis is present, how severe it 15, documenting the 
natural progression of the disease and assessing response 
to therapy. By contrast, their role in assessing the aeuol- 
ogy of the hepauns is very limited. 

When the patient presents with an acute hepatitis, the 
liver tests charactenistically show the so-called ‘hepatitic 
picture: 


® à pronounced rise in aspartate or alanine amino- 
transferase (AST, ALT activity, often to over 1000 Lu/L; 

® à modest (less than twice the upper limit of the refer- 
ence range) increase in plasma alkaline phosphatase 
{ALP} acnvity:; 

® bilirubinuria and, in the more severe cases, hyper- 
tiirubinaemis which is often manilest as jaundice. 


As a very broad generalization the plasma activity of 
thé aminotransferases reflect the severity of the disease 
as assessed histologically in patents with viral hepatitis. 
Certainiy, patients who progress to fulminant hepatitis 
usually have exceptionaily high levels. The features of 
acute alcoholic hepatitis and drug-induced hepanitis are 
described undet their respective headings and acute viral 
hepautis Immmediatels below. 


Acute viral hepatitis 


After a variable incubation period (the duration of which 
depends on the nature of the virus and the viral load) 
there is usually a rise in the activity of che plasma amino- 
transferases, although it is said that some infants Can be 
infected without any disturbance of LFTSs. In many cases, 
particularly among voung chidren, this is the only indica- 
ton of the hepatitic process and the patient remains 
asvmptomatic, When symptoms do develop they are coim- 
cident with the maximal aminotransferase levels, The pa- 
tient begins to feel unwell, tired, depressed and anorexic, 
and becomes pyrexial. The urine may become dark (due 
to bilirubinuria), the stocks pale and in more severe cases, 
jaundice becomes evident a few days later. The liver 1s 
enlarged and tender but symptoms tend to resolve with 


the onset of jaundice, The jaundice usually subsides over 
a few days but in type À hepatitis the patient mav, despite 
being asymptomatic, enter a cholestatic phase, This is 
heralded by nsing plasma activities of alkaline phos- 
phatase and y-glutamyl transferase which may persist for 
many weeks, causing considérable diagnostic confusion. 
Particularky in the older patient, tt is an indication for 
ultrasound examination to rule out any obstruction to the 
bilary vract. The jaundice usually abates before amino- 
transferase activity retumns to the reference range but it 
has been a frequent observation that bilirubin may dis- 
appear from the urine wlulst the patient remains clinicaliy 
hundiced. The explanation for this situation liés in the 
development of ‘bih-albumin’ (see p. 225). 


Differential diagnosis 


There are two differential diagnoses to be made, The firat 


is to distinguush between viral hepatitis and other, non- 
viral causes of à hepatitic picture and then, within the 
former group, 16 identify the virus. Gencrally speaking, 
the standard LETS are not helpful in separating viral from 
non-viral causes and histological examimauon or imaging 
is required for à définitive diagnosis. 

Plasma aminotransierase levels are not usually grossly 
raised in alcoholic hepatitis; in this condition a ranc of 
AST:ALT of greater than 2 is characteristic while in hepa- 
titis due to other agents the ratio is usually less than 2. In 
fulminant hepatitis, aminotransferase levels may be close 
to the reference range by the me patients reach hospital, 
emphasizing that results of LEFTSs can change rapidly with 
time and depend on the particular clinical course that 
ensues, It is said that heparitis B infection 15 more severe 
than hepautis À and that biochermmical abnormahties are 
more protracted. Raised plasma IgM concentration and 
atypical lymphocytes are more characteristic of type A, 
but the standard LETs de not permit distinction between 
the different types of viral hepatitis. 

The specific diagnosis is established by serological tests 
for the hepatitis viruses (Table 13.2. The extent to which 
individual cases réquire biochemical and serological in- 
vestigation depends on the clinical situation. For example, 
in children, a clinical diagnosis can be established with 
reasonable certainty if the clinical features are compa- 
üble with infectnious hepaniuis, particularly if the physician 
knows Of local occurrence. In adults, particularly where 
there has been no contact with infectious hepatitis, LFTSs 
arc usually performed together with appropriate serologv. 


OQutcome of acute trral heparitis 


There are three main possible outcomes of acute viral 
hepatitis, each with its own charactéristic progression of 
clinical features and results of LETS. 

Complete resolution As noted above, the plasma 


Picornavirus (RNA) 
Hepadnavirus (DNA) 


>Flavivirus (RNA) 
HDV (Delta) RNA, HBV- 


dependent viroid 


| HEV Calivivirus (RNA) 


aminotransferase activities start to rise before the onset 
of jaundice and often before hepatomegaly is detectable. 
Levels begin to fall coincidentally with the onset of jaun- 
dice and symptoms and aminotransferase activity returns 
to normal (AST before ALT) at the same ume as, or 
shortly before, the plasma bilirubin. This is the progres- 
sion in the vast majority of cases and many patients will 
be unaware that they have had acute hepatitis. 

Progression to chronic liver disease Classicallv, 
this mode of progression is limited to viral hepatitis types 
B and C but there are occasional reports of type À trigger- 
ing autoimmune chronic active hepatitis and a relapsing 
course for hepatitis À is also well described. Persistence of 
symptoms, signs and/or abnormal liver tests, particularly 
aminotransferase activity in the range of 2-10 times the 
upper reference limit, for more than 6 months constitutes, 
by definition, chronic hepatitis (see p. 240). The accom- 
panving changes in viral serology are complex and beyond 
the scope of the present discussion. 

Progression to acute liver failure Very rarely (in 
less than 1% of cases) any type of viral hepatitis may pur- 
sue a fulminant course. This course of events is character- 
ized by grossly elevated plasma aminotransferase activity, 
an increasingly prolonged prothrombin time and the de- 
velopment of hepatic encephalopathy which may occa- 
sionally develop before jaundice becomes a prominent 
feature, The prognosis is poor. The syndrome of acute 
hiver failure, one cause of which is acute viral hepatitis, is 
described in more detail below. 


ACUTE LIVER FAILURE (ALF) 


Acute liver failure implies the development of severe 
hepatuic dysfunction within 6 months of the first onset of 
hver disease and in the absence of any pre-existing liver 
disease. Hepatic encephalopathy and a prolonged and 
persistent increase in prothrombin time are the character- 
istic features and where these occur within 8 weeks of the 
first symptom the condition is known as fulminant hepatic 
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Raised IÿM, atypical 


changes 


The major cause of 
enteri NANB 





failure (FHF). In those who survive there are no long- 
term hepatic sequelae. The commonest cause in the UK 
is paracetamol overdose (Ch. 37) followed by viral hepa- 
titis, types À, B and non-AÀ, non-B (NANB). Rarer causes 
include drug reactions, other viruses, Amamita mushroom 
poisoning, Wilson's disease and secondary hepatic 
malignancy. 


Laboratory features 


The laboratory investigation involves determination of the 
cause of the ALF and the characterization of the conse- 
quences and complications of ALF which are very similar 
irrespective of the aetiology. Measurement of blood con- 
centration of paracetamol is of crucial importance, par- 
ticularly in view of the current evidence that treatment by 
acetylcysteine infusion may be useful up to 36 hours after 
ingestion. The serology of viral cases is complicated be- 
cause the hepatitis B surface antigen may disappear before 
the patient reaches hospital. Generally speaking, even 
when a condition such as Wilson's disease is detected it 
is too late for specific treatment (i.e. penicillamine) to 
be effective and management is by general supportive 
measures and, 1f feasible, liver transplantation. 

The standard LFTSs show a grossiy hepatitic picture at 
the time of onset of the encephalopathy. Jaundice is deep 
and progressive and AST levels of several thousand are 
usually found, although these may have fallen consider- 
ably by the time the patient is sent to a referral centre. A 
rare cause of FHEF is massive infiltration with secondary 
malignancy. This is characterized by heparomegaly 
(whereas in most other causes the liver is small) and a 
much more cholestatic picture so that the AST:ALP ratio 
is less than 4 compared to greater than 4 in most other 
cases, 

Coagulation defects are a consistent finding. Levels of 
fibrinogen are decreased as are those of factors Il, V, VII, 
IX and X. These are reflected in a prolonged prothrombin 
time which, in the UK, is used as the main measure of 
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severity Of disease and is the most widely used parameter 
for following progress. Hypoglycaemia, due to a combina- 
uon of impaired gluconeogenesis and glycogen breakdown 
and synthesis, is such à consistent finding that glucose 
infusion is a routine part of management particularly 
during transfer to a referral centre. Where paracetamol is 
involved the paracetamol may interfere with blood glucose 
estimation giving erroneously high values. Acute renal 
failure is a frequent and ominous complication which oc- 
curs in at least 50% of cases, particularly with paracetamol 
poisoning. Hyperbilirubinaemia interferes with creatinine 
measurement, producing erroneously low results, and 
precipitation of bilirubin and plasma protein is required 
for an accurate estimation. In about half the cases the 
renal lesion is acute tubular necrosis and in the remainder 
‘functional’ renal failure (see p. 246). 


Laboratory criteria for kver transplantation 

Overall, with the best supportive care, 20-30% of patients 
with fulminant hepatic failure will survive; the figures are 
rather better for those with paracetamol overdose and 
rather poorer for those with viral hepatitis, particularly 
those classified as NANB or drug-related. This bad prog- 
nosis has led to the introduction of liver transplantation as 
a therapeutic option. It is clearly important to reserve this 
option for those with the worst prognosis and who are 
most unlikely to recover with other treatment. With this in 
mind a number of laboratory-based criteria have been 
identified to ascertain the hkelihood of death. The major 
adverse factors are an arterial hydrogen ion concentration 
> 50 nmol/L. (pH < 7.3) and progression to grade III coma 
(see p. 244) with a prolongation of the prothrombin time 
to more than 100$ and plasma creatinine concentration 
> 300 umol/L. Recently, there has been considerable 


interest in the measurement of plasma factor V concentra- 
tion. If the ratio of factor V:factor VIII is very low the 
chance of survival without transplantation is very small. 


CHRONIC HEPATITIS 


Chronic hepatitis is diagnosed when clinical or bio- 
chemical features of liver disease persist for more than 6 
months. On histological grounds the condition is split into 
two categories, chronic persistent hepatitis (CPH) and 
chronic active hepautis (CAH). In the former the inflam- 
mation is confined to the portal tracts whereas in the 
latter, the inflammatory cells spill out into the hepatic 
parenchyma leading to nibbling away of the periportal 
hepatocvytes, so-called piecemeal necrosis, the hallmark of 
chronic active hepatutis. CPH is of htle clinical signifi- 
cance, being detected in several conditions and in patients 
with CAH who are in remission, On the other hand CAH 
carries a graver prognosis and may progress to cirrhosis. 
The inflammatory activity may continue even when cir- 
rhosis has developed (‘active cirrhosis”). The term chronic 
active hepatitis is best considered as a histological diagno- 
sis for which there are several quite distinct causes and 
laboratory investigation plays a crucial role in the differen- 
tial diagnosis and management of these conditions (Table 
13.3). 

Following acute hepatitis, the presence of abnormal 
LFTSs, particularly aminotransferases, defines the pro- 
gression to chronicity. Patients with untreated CAHI, re- 
lated to any of the conditions described below, have a 
characteristic pattern of standard LFT results. Typically 
the aminotransferase activities are markedly raised, in the 
range 200-1000 i.u./L, with deep jaundice when the in- 
flammation is severe. The activity of plasma alkaline phos- 
phatase is usually only minimally increased, but changes 





typé C Anti-HCV; HCV-RNA by PCR Has characteristic histological features | 
Alcoholic Blood alcohol, YGT, MCV, Laboratory tests are supplementary | 
| desialylated transferrin to clinical history | 
Drugs May develop sutountibodies Oxyphenisatin, methyldopa, isaniazid, 
| etc. 
“,-Antitrypsisn Low &,-AT level; typical Charucteristic cosinophilic globules 
deficiency phenotype (PiZZ) on histology | 
Wilson's disease Low cacruloplasmin, high tissue Les PL ad /ies lee NET noshlay de 
concentration | 

Autoimmune 

type | Anti-SMA and/or ANA Markedly raised y-globulin and 1gG 


type 2 (ONE antibodies 


may become more pronounced as cirrhosis develops with 
its associated architectural distortion. The prothrombin 
time is often mildly prolonged and plasma albumin con- 
centration is in the low normal range. Particularly in 
the presence of hypoalbuminaemia, plasma globulins are 
raised, most notably when there is an autoimmune actiol- 
ogy. It should be noted that a typical phase of acute hepa- 
uus is not always prominent in many of the conditions 
described below. 


Differential diagnosis of chronic active hepatitis 
Viral hepatitis types B and C 


The specific diagnosis is based on virological tests: in the 
case of hepatitis B virus (HBV), by the detection of hepa- 
utis B surface antigen (HBsAg); in the case of hepauus C 
virus (HCV), by detection of antibodies to the virus. The 
serological diagnosis of HCV infection is much more diff- 
cuit than HBV and 1s an area of intense current research 
activity. At the time of writing the gold standard for a 
diagnosis of chronic HCV infection is the detection of 
HCV-RNA using the polymerase chain reaction but this is 
available in only a few specialized laboratories, (Although 
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Fig. 13,1 
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the procedures for handling potentially dangerous and in- 
fectious samples such as those carrving hepatitis viruses 1s 
not the concern of this chapter, it is worth noting that in 
inner city areas as many as 1-2% of the population may 
be chronic carriers of either HBV or HCV. The majority 
of these will have no symptoms of hiver disease and their 
blood may be examined in the laboratory for illnesses 
unrelated to liver disease.) 

Antiviral treatment of chronic viral hepautis 1s a rapidly 
growing area of hepatology in which firm guidelines about 
monitoring response are not yet available. In the case of 
HBV infection the aim has been to inhibit viral replica- 
uon, usually with interferon, and those with high initial 
levels of aminotransferase are most likely to respond. Suc- 
cessful treatment is heralded by a change from hepatitis 
‘e” antigen to ‘e antibody positivity and this event is 
accompanied by an acute hepatitic illness, the so-called 
‘hepatitic flare’ (Fig. 13.1). In the case of hepatitis C 
treatment with interferon, a fall in plasma aminotransferase 
levels is being used as an index of remission. À side-effect 
of interferon treatment is hypothyroidism and thyroid 
function tests should be monitored before treatment and 
at 3-monthly intervals. 


15 20 25 30 35 
VVeëks 


Changes in ALT activity in a patient with chronic hepantis B virus infection successfully treated 


with interferon. Note the hepatitis response heralding clearance of HBsAg and appearance of the antibody. 
Clearance of the virus is also indicated by a decrease in viral DNA polymerase activity. 
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Alicoholisan 


In perhaps 10% of patients with alcohohc liver disease, 
the histological picture is one of chronic active hepatitis. 
There is currently evidence that some of these may be 
related to coexistent hepatitis C virus infection. Raised 
activity of y-glutamyli transferase, macrocytosis or a raised 
blood alcohol concentration in a patient denying alcohol 
ingestion may provide clues to the diagnosis. 


Wibson's disease (see p. 251) 


Chronic active hepartitis 15 a rare presentation of this rare 
disease but is of considérable importance because it is 
eminentiy treatable, It is said that the levels of amino 
transierase are low in comparison with the extent of histo- 
logical activity. The diagnostic work-up is considered in 
detail below but the basic screening procedures include 
incasurement of plasma caeruloplasmin and plasma copper 
and slit-Jamp examination for Kayser-Fleischer rings. The 
diagnosis must be considered in all patients with CAH 
and liver tissue copper should be measured in any voung 
patient presenuing with CAH. 


a, -Antitrepsin defriency (see p. 252) 


This is another rare cause of CAH. &,-Antitrypsin levels 
are usually low but occasionally, because of activé inflam- 
mation, the levels may be within the reference range, It 
is therefore essential that the &@,-antitrypsin phenorype is 
also determined, parucularly in young people presenting 
with chronic active hepatitis (see below). 


Autoimnrune chronic active heparitis (AI-CAH) 


This diagnosis is established bv exclusion of the other 
causes listed above and the presence of high vitres (> 1:40) 
of organ non-specific autoannibodies {smooth muscle anti- 
body {SMA)}, antinuclear antibody (ANA) and anti-liver- 
kidney microsomal anubodies). Plasma y-globulin levels 
(mainly IgG) are grossly raised, sometimes approaching 
100 g/L. 

Monitoring response to therapy Once the diag- 
nosis of AI-CAH has been established, the standard liver 
tests are used to monitor progress. With appropriate im- 
munosuppressive therapy the LFTSs, particularly amino- 
transferase activity should return to within the reference 
range and should then be kept in this range for at least 
2 vears before any attempt is made 10 withdraw therapy. 
Nonetheless, it should not be assurmmed that a normal amino- 
transferase activity excludes continuing inflammatory 
activity and it is as well to confirm this histologically. On 
the other hand, particularly after withdrawal of treatment, 
à rapid risé 10 more than che upper limit of the amino- 
transferase reference range is a good indicator of relapse. 


The gold standard is histological examination and, ideally, 
apparentiy successful treatment should be confirmed 
by demonstration of reversion of CAH to CPH or even 
normality. There may be better immunological ways of 
monitoring response such as by measunng titres of anti- 
bodies to liver-specific lipoprotein and the asialoglvco- 
protein receptor but these are not yet widely availabie. 


PRIMARY BILIARY CIRRHOSIS (PBC; 


This is a chronic cholestatic condition of unknown cause 
in which there is destruction of septal and interlobular bile 
ducts. Most patients present with pruritus, jaundice or 
non-specific symptoms including tiredness and hepatc 
pain. However, an increasing number are detected inci- 
dentally when abnormal liver tests, particularly an in- 
creased activity of alkaline phosphatase, are detected 
during opportunistic screening. 

The LFTs reveal a characteristic cholestatic picrure 
with, as the disease progresses, increasing plasma alkaline 
phosphatase {of biliary origin), increasing bilhrubin con- 
centration and falling albumin. The plasma concentrations 
of total IgM and mornomeric IgM are frequently raised. 
The most specific serological tests relate to antimito- 
chondral antihodies (AMA) which are detectable in 
about 95% of cases, Recently it has been recognized that 
AMASs recognize several distinct autoantigens. The most 
characteristic for PBC are the so-called MZ which react 
with epitopes on three mitochondrial enzymes. These are 
the E2 subunit of che pyruvate dehydrogenase complex 
(PDH-E2);, the E2 subunit of the branched chain oxoacid- 
dehydrogenase (BCOADH-E2) and the E2-oxoglutarate 
dehvdrogenase complex. Laboratory tests, particularly 
the plasma bilirubin concentration, are used in assessing 
prognosis (see p. 235). 


PRIMARY SCLEROSING CHOLANGITIS (PSC) 


This is a progressive disease characterized by diffuse in- 
flammation and fibrosis of the biliary system which leads 
to obliteration of the intrahepatic ducts and, eventualiy, 
biliary cirrhosis (see below). With the advent of endo- 
scopic retrograde pancreatography (ERCP) the condition 
is being increasingly diagnosed, It is diagnosed on the 
basis of characteristic cholangiographic appearances 
together with compatible clinical, biochemical and hisro- 
logical features and exclusion of several other conditions 
known to cause secondary sclerosing Cholangius such as 
bihiary calculi and previous biliary tract surgery. 

Primary sclerosing cholangitis is also being diagnosed 
sarlier in its natural history, particularly by the finding of 
persistentiy abnormal LFTs in patients with inflammatory 
bowel disease which coexists in more than 50% of cases. 
Consequently, in the early stages there is usually a minor 
clevation of aminotransferase and moderate elevanon of 


ALP which progresses, over several vears, to a very severe 
cholestatic condition with deep jaundice, ALP activity 
often over 10 times the upper limit of the reference range 
and ultimately death from Ever failure, Rapid clinical de- 
terioration with a progressive cholestatic picture may indi- 
cate the development of cholangiocarcinoma, a frequent 
complication of this condition. Copper retention appears 
to be a general feature of chronic cholestatic conditions 
and in PSC most patients will have raised hepatic copper 
levels {of a similar order to that scen in Wilson's disease 
and primary biliary cirrhosis) and urinary copper concen- 
trations will also be raised. However, in contrast to 
Wilson’s disease, the caeruloplasmin and serum copper 
concentrations will be within the reference range (see 
p. 251). 


ALCOHOLIC LIVER DISEASE 


Ethanohc liver disease is by far the most common cause 
of liver disease in the Western world although it often 
exists as part of a wider spectrum of social, psychological 
and patholomcal effects of alcohol-relared damage. Most 
current evidence suggests that alcohol itself is the primary 
pathogeneric factor although the associated malnutrition 
may be a contributory factor. Considering that there is a 
vast variation in the actual amount of alcohol drunk by 
different individuals, the time course over which it 18 
drunk and the individual susceptibility, it is not surprising 
that the consequences of excessive alcohol consumption 
vary widely. 


Ethanol metabolism 


Alcohol! is absorbed from the stomach and small bowel. 
Absorption 1s most efficient when there is no other food 
(particularly carbohydrate) in the gut and when its con- 
centration in the ingested fluid is of the order of 20%. 

The Ever is exposed to the highest concentration of 
alcohol in blood and 1s responsible for more than 95% of 
its metabolism. The concentrations attained after inges- 
ton of a standard amount of ethanol depend, amongst 
other things, on sex, weight, previous exposure to alcohol, 
the type of alcoholic beverage and rate of gastmic empty- 
ing. Ethanol is metabolized (oxidized) to acetaidehyde 
mainly by the cytosolhic enzyme alcohol dehydrogenase 
but also, particularly at high levels, by the cytochrome P- 
450 system. Acetaldehyde is particularly toxic. It is meta- 
bolized by aldehyde dehydrogenase in the mitochondria 
to acetate which is, in turn, oxidized by peripheral tissues 
to carbon dioxide and water. Both enzyme systems can 
be induced by alcohol. The intoxicating and metabolic 
effects of alcohol are mediated directly by ethanol,; it is 
hkely that acetaldehyde is an important factor in causing 
tissue damage. 
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Types of liver pathology 


Three patterns of histological change in the liver tissue 
have been described in association with éthanol imgestion, 
Fatty liver (steatosis) appears 10 be a response to excessive 
alcohol consumption in all individuals. Ît seems seldom 
to progress to chronic liver disease and resolves with 
absunence. In alcoholic hepautis the appearances are of 
steatosis, with Mallory bodies, megamnochondna and 
créeping pericellular fbrosis, particularly imvolving zone 
three, Thus is a serious condition with a marked propen- 
sity to progress 10 fibrosis and cirrhosis, the third and final 
stage of chronic alecholic liver disease. The occasional 
association with the histological picture of chronic active 
hepañnitis has already been mentioned. À significant per- 
centage of subjects with genetic haemochromatosis are 
alcoholic (see below), as are most subjects with porphyris 
cutanea tarda. 

The metabolism of ethanol also predisposes to various 
métabolhic problems including hypoglycaemia and non- 
réspiratory acidosis; these are discussed elsewhere in this 
book. 


Biochemical and histolonical assoctanions 


Alcoholic steatosis Biochemical changes are mini- 
mal and consist of subclinical hyperbilhrubinaemia and a 
very mild elevation of plasma aminotransferase activities. 
Very occasionally, a cholesratic syndrome develops but 
associated alcoholic pancreatitis leading to biliary ob- 
struction should be considered if jaundice 15 marked. 
Episodes of deliriurn tremens and alcoholic myopathy 
may give markedly raised aminotransferase levels. Plasma 
y-glutamyl transferase activity is elevated in the majority 
of cases, but usually reflects enzyme induction rather 
than hepatic injury. 

Alcoholic hepatitis ‘There is a very wide spectrum of 
severity associated with this histological diagnosis, ranging 
from the classic syndrome of deep prolonged jaundice, 
hepatic failure, fever and leukocytosis through to a com- 
plete absence of symptoms and physical signs. Alcoholhc 
bepatiuis generally occurs after very heavy bouts of drink- 
ing and when subjects have been drinking heavily for sev- 
cral years. The laborarory tests reveal an anaemia, usually 
with a leukocytosis and, very consistently, raised levels of 
aminotransferases. However, the values of AST are sel- 
dom above 10 times the upper limit of the reference range 
and ALT values are usually lower, This results in an 
AST:ALT ratio of > 2 and a value below this im subjects 
with heparitis strongly suggests that alcohol is not a major 
factor, 

Alcoholism and haemochromatosis (see p.250 
Iron overload is common in alcoholic liver disease, 
occurring in perhaps 50%% of cases. Occasionally this may 
progress to a similar degree to that seen in genetic haemo- 
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Chromatosis and the patient may have similar metabolic 
and endocrine manifestations. More commons, it ap- 
pears that excessive alcohol consumption leads to the un- 
masking of häcmochromatosis in patients with the genetic 
disease. 

Porphyna cutanea tarda  ÂÀs with haemochromato- 
sis, this genetically determined condition, comprising bul- 
lous skin lesions on exposure to sunlight, hiver disease and 
tron overload, is often brought to medical attention by 
excessive alcohol consumpuon. The underlying bischem- 
cal lesion is a deficiency of uroporphyrinogen decarboxy- 
lase and this results in high hepatic porphynns, à high 
level of uroporphyrinogen in the liver and increased 
coproporphyrin in the faeces. 


Use of laboratory tests in clinical practice 


There are three quesnions of fundamental interest to the 
physician: 


1. In à person who is known to drink excessively, is 
liver disease present and, if 50, of what nature and sever- 
ity? The detection of raised activity of aminotransferases 
or YQGT does not correlate well with the degree of Hiver 
damage as assessed histologically, Over 50°%% of parents 
with only minimal liver disease on bopsy have raised 
plasma aminotransterase activity. Consequentdy, histo- 
logical examination of liver tissue 15 essential to determine 
the degree of liver damage, It is also noteworthy that pa- 
tients with advanced hépatuic cirrhosis who subsequentiy 
abstain from alcohol may have normal LEFT. 

2. In a patient who is known to have liver disease, vet 
also demies excesuive alcohol consumption, is it possible 
that covert alccholism 1s responsible? Although failure to 
detect alcohol in the blood IS not particularty helpful, 
detection in patients who deny drinking 1. À fall in CF 
activity during hospital admission 1s also suggestive, as 1s 
an AST'ALT ratio of > 2, It should be noted that other 
abnonmaliues fréquentls seen in alcoholic hver disease, 
such as macrocytosis. may also occur in other liver dis- 
cases or during treatment with drugs such as azathioprine. 
It has been cluimed that estimation of the ratio of 
desialylated transfernin to total transfernn is mighly speciñc 
(81%) and sensitive (97%) for chromic alcohol abuse, At 
present the assays are not routinels available as clectro- 
phoretic separation of the transferrin isoproteins is re- 
quired, but if these problems can be overcome the test 
may prove valuable. 

3. Among a group of apparently healthy members of a 
population, are there some who are drinking to the extent 
that their work performance will be affected and who will 
shortiv be at risk of alcchol-related medical and social 
problems? GT and mean corpuscular volume (MCV) are 
perhaps the most reliable tests. 


THE CONCEPT OF CIRRHOSIS 


Cirrhosis is not primarnily a clinical diagnosis bur a patho- 
logical description of the liver in which there 18: 


e diffuse heparic fibrosis; 

® nodular régenération, and 

e à disturbance of the normal hepatic architecture, Le. a 
distortion of the normal relauonship of the portal 
tracts to the central veins (Ch. 12). 


It is the end result of several chronic liver diseases 
which are usually, but not always, associated with recur- 
rent episodes of cell death and attempts by che liver at 
regencration. Liver function 15 disturbed, not usually 
because of the cirrhosis per sc, which has little effect 
on standard liver function tests, but because of the initiat- 
ing agent such as alcohol, an ongoing immunologically 
meéchated liver cell damage and the capillianization of the 
sinusoids due to the fibrosis (see Ch. 12). Efforts to make 
this diagnosis on any grounds other than histological are 
unrehable. 

À great part of chnical hepatology is taken up with the 
diagnosis and management of the complications of cirrho- 
sis: hepauc encephalopathy, ascites and the hepatorenal 
syndrome, infections, primary hepatic malignancy and 
endocrine dysfunction. 


Hepatic encephalopathy 


This is seen in patents with advanced cirrhosis and a 
precipitating factor such as a large protein meal, infection 
or electrolvie imbalance can usually be identified. It is 
particularly fréquent in subiects who have undergone 
a portocaval shunt for treatment of portal hypertension, 
As with the encephalopathy associated with acute liver 
failure, the severity of the condition is graded from I-IV: 


Î Alert but with asteriuis (‘hepatic flap”}, inversion of 
sleep rhythm 

IL Confusion, disonentation, mappropriate behaviour 

III Restless, sleepv, uncommunmiscative 

IV Coma 


The diagnosis 1s essentially a clinical one and although 
charactenstic EEG appéarances are described, these 
are not used diagnosnically. Similarly, the blood ammomia 
concentration is usually raised but correlates only poorly 
with the degree of encephalopathy, Occasionally, estima- 
tion of blood ammonia may be useful when the source 
of coma is chmcally uncertain, High levels of ammonia 
are also seen in inherited disorders in which there are 
deficiencies of urea cycle enzymes. 


Ascites 


Ascites, the excessive accumulation of extracellular fluid 
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in the peritoneal cavity (over 30 L in some cases), 1s 
usually a late complication of cirrhosis. The precise 
mechanism is still controversial, but the primary event 
is probably sodium retention (due in part to secondary 
hyperaldosteronism), compounded by hypoalbuminaemia 
and localized to the peritoneal cavity by portal hyperten- 
sion. Thus the urine may become virtually sodium free 
and, 50 long as sodium intake exceeds output, fluid will 
continue to accumulate. Ascites usually develops in pa- 
ients with advanced, decompensated disease, but the 
tendency to retain salt is present before ascites actually 
develops and a sudden mcrease in dietary salt intake may 
lead to the generation of ascites which clears spontane- 
ously when the salt intake is restricted. Excess water re- 
tention leading to hyponatraemia is frequent and probably 
attributable ro increased concentrations of antidiuretic 
hormone, There are, however, several liver and non-livér 
diseases other than cirrhosis (Table 13.4) which can lead 
to the formation of ascites and the establishment of a pre- 
cise diagnosis 1s important for its correct managernent. 

If the standard LFTSs are abnormal in a patient with 
ascites, then it is likely that one of the liver diseases listed 
in Table 13.4 is responsible and it is often already known 
that a patient who develops ascites has cirrhosis. How- 
ever, patients with liver disease can develop ascites for 
reasons other than cirrhosis. For example, patients with 
alcoholic cirrhosis may develop tuberculous ascites, pan- 
creatic ascites and also ‘malignant' ascites if hepatocellular 
carcinoma supervenes. Cardiac causes can usually be 
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diagnosed confidently on clinical grounds, but the other 
causes may be difficult to distinguish and laboratory 
investigation can be useful in such cases. Using a hollow 
needle and syringe, it is simple to aspirate some ascitic 
fluid (a so-called ‘diagnostic tap”} for analysis, The inves- 
tigations and their interpretation are shown in Table 13.5. 
It should be recognized that sodium retention is not a 
diagnostic feature of cirrhotic ascites; equally intense 
sodium retention is seen in ‘malignant” ascites. 

The figures for ascitic protein given m Table 13.5 are 
given only as guidelines. Exceptions are so frequent that 
many would consider the test useless. However, as the 
changes become more extreme, so their diagnostic speci- 
ficity increases. Thus a protein concentration below 10 g/ 
L is not infrequent in uncomplicated cirrhosis, but virtu- 
ally rules out malignant disease, Conversely, protein con- 
centrations above 35 g/L are the rule in malignant ascites 
and are unusual in uncomplicated cirrhosis. 

Several tests have been proposed to increase the specifi- 
city of total ascitic protein measurement in differentiating 
between cirrhotic and ‘malignant” ascites. These include 
calculation of the plasma to ascites albumin gradient and 
measurement of ascitic lactate dehydrogenase activity or 
ascitic cholesterol concentration (Fig. 13.2). Adenosine 
deaminase activity in ascites of more than 60 1.u./L. is par- 
ticularly sensitive and specific for truberculous ascites. 


Monitoring treatment of ascites 


Ascites due to cirrhosis is usually managed by a combina- 
tion of dietary salt restriction and diuretic therapy, though 
paracentesis with albumin mfusion is now being used more 
widely. The aim should be to achieve a net fluid loss of 
500 mL/24 h until the ascites clears. Plasma urea, creati- 
nine and sodium and potassium concentrations should be 
checked at least once a week at the start of treatment, A 
rising plasma urea or creatinine and falling plasma sodium 
concentration (< 130 mmol/L) indicate impending renal 
failure and should prompt a reduction of diuretic treat- 
ment. Plasma creatinine concentration is the more useful 


«The charsctesiatic laborathéy fatute lx:the NiSh concitralon of tieoeridés 





| ** Concentrations may be lower when cirrhotic ascires is complicared by ruberculosis 
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Fig. 13.2 Plasma ascites-albumain gradient and ascinic fluid concentration of lactate dehvdrogenase and cholesterol 
in patients with cirrhosis (CIR) and peritoneal carcinomatosis (PCA) (Arroyo V er al. Ascites, renal failure and 
electrolyte disorders in cirrhosis, Pathogenesis, diagnosis, and treatment. In: Mclintyre N et al (eds) Oxford 
Textbook of Clinical Hepatology, Oxford: Oxford University Press, 1991). 


test as impaired urea synthesis in patients with cirrhosis 
makes the plasma urea a less sensitive indicator of renal 
function. Plasma potassium necds careful monitoring if 
frusemide is used because of the risk of hypokalaemia, 
which may precipitate encephalopathy. Hyperkalaemia 
may occur with spironolactone if renal failure supervenes. 


The onset of renal failure is indicated by a nsing plasma 
concentration of creatinine and urea and usually, but not 
always, a urinary output falling to less than 300 mL/24 h. 
A particularly dangerous complication, as already men- 
tioned, is hyperkalaemia. Such developments are likely to 
precipitate encephalopathy in patients with liver disease. 
The major clinical problem in such patients is an idio- 
pathic form of renal failure which is widely known as the 
‘hepatorenal syndrome’ (see below) and usually associ- 
ated with advanced liver disease, ascites and encephalo- 
pathy. This should not be confused with several other 
situations in which renal disease and liver disease coexist: 
polycystic disease, infections such as leptospirosis, circula- 
tory failure and the immune complex glomerulonephntis 
associated with hepatitis B virus infection. Renal failure 
may also develop when cirrhotic patients are fluid de- 
plerted and following surgery to relieve obstructive jaun- 
dice. The latter syndrome is caused by acute tubular 
necrosis, but the mechanism is unknown. 


The heépatorenal syndrome (HRS) 


This condition is also known as functional renal failure 
(FRF). The characteristic feature is that the kidneys 
are normal when examined histologicallv, i.e. there is 
disturbance of function but not of structure; specifically 





the usual appearances of acute tubular necrosis are not 
present. Furthermore, the failure is progressive and not 
reversed by fluid repletion, suggesting that this is not 
simply a prerenal type failure. The precise pathogenesis 
is unknown, but the immediate factor is an intense renal 
vasoconstnction leading to decreased renal blood flow 
and a reduced glomerular filtration rate. It occurs classi- 
cally in patients with advanced chronic liver disease but 
may also occur in severe acute liver disease, 

In patients known to have advanced cirrhosis, the con- 
dition can be diagnosed by certain simple laboratory tests. 
Reduced urine flow and rising levels of plasma urea and 
creatinine are common to all forms of renal failure but the 
characteristic feature of FRE, which disringuishes it from 
acute tubular necrosis, is the dramatic degree of sodium 
retention (Table 13.6). The urinary sodium concentration 
is usually less than 12mmol/L and often less than 
5 mmol/L. The urine/plasma osmolality is usually > 1 and 
this contrasts with patients with acute tubular necrosis in 
whom the urinary sodium concentration 1s greater than 
12 mmol/L and often greater than 20 mmol/L. and the 
urine/plasma osmolality is about one, 


<12 > 12 


1.1-1.15 <1i 
No No 





H must be emphasized that although these tésts are typical, | 
exceptions do occur, particularty in patients who have been recently 


Sex hormones and their binding proteins 


Men with cirrhosis are frequently impotent, infertile and 
feminized (i.e. they may have gynaecomastia, a female dis- 
tribution of body hair and testicular atrophy). Workers in 
the United States, where alcohol is responsible for a very 
high percentage of all chronic liver disease, have tended to 
attribute these symptoms to the alcohol rather than the 
chronic liver disease. In the UK where at least 50% of 
patients with cirrhosis have non-alcoho!l related disease, 
sexual dysfunction is still frequentiy seen and it seems 
most likely that alcohol may act boch on its own and in 
concert with chronic hiver disease to cause sexual dysfunc- 
tion, The biochemical and endocrine changes which ac- 
company chronic liver disease are now well recognized 
but they correlate poorly with the clinical symptoms. 

This section describes the changes in endocrine tests 
which might be expected in patients with liver disease of 
various actiologies and severity, but it is important to note 
that the changes described are not necessarily the cause of 
symptoms. The discussion below refers mainly to men; 
the effect of liver disease on sexual function in women has 
been less studied. 


Physiology and biochemistry 


This topic is discussed in detail in Chapter 21 but a sum- 
mary is presented here for convenience, The major circu- 
lating androgen is testosterone secreted by the testicular 
Levdig cells (0.17--0.35 mmol/24 h) under the control of 
luteinizing hormone (LH). The androgenic effect of 
androstenedione and other adrenal androgens such as 
dehydroepiandrostérone 1s probably attributable to their 
peripheral conversion to testostérone. Testosterone can be 
metabolized vo its more active metabolite dihydrorestos- 
terone (DHT) by 5&@ reduction or to oestrogens (by 
aromatization) or by degradation in the liver which is 
responsible for clearing about 50% of testostérone during 
the first pass in males, Oestrogens also circulate in men, 
the most potent being oestradiol (strictly 176-oestradiol, 
but often abbreviared to E,) which is derived from aroma- 
uzation of testosterone. Testosterone and 17B-oestradiol 
(the most potent oestrogen in males and females) circu- 
late bound to albumin (low affinity, unsaturable binding) 
and sex hormone-binding globulin (SHBG, high affinity, 
saturable binding). Only a small amount of each hormone 
exists in the unbound state and this is presurmed to be the 
biologically active fraction. Spermatogenesis is under the 
control of follicle stimulating hormone (FSH) although 
LH is also required, acting indirectly on the seminiferous 
tubules by stimulating testosterone secretion by the adjacent 
Leydig cells. 


Changes in men with cirrhosis 


The total plasma testosterone concentration is at the 
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lower limit of the reference range in most men with well- 
compensated liver disease and falls as the disease pro- 
gresses. The oestradiol concentration, on the other hand, 
is usually at the upper limit of the reference range and 
rises as the disease progresses and the ratio of oestradiol 
to testosterone 1s thus elevated. Because SHBG levels are 
invariably also raised and the affiniry of SHBG for testo- 
sterone is considerably greater than that for oestradiol, the 
ratio of free oestrogen to free testosterone is even greater. 
The low testosterone levels are attributable to reduced 
testicular production and occur despite a decrease in 
metabolic clearance rate caused by the high SHBG levels. 
The elevared oestrogen levels are not due to impaired 
heparic clearance as originally thought; increased produc- 
üon, probably due to enhanced peripheral aromatization, 
appears to be the most likely mechanism. 

In the presence of low testosterone levels, a compensa- 
tory increase in pituitary secretion of lureinizing hormone 
(LH) would be expected, but this does not always occur, 
implying that a primary testicular defect is often com- 
plicated by hypothalamic-pituitary dysfunction. As the 
disease progresses, LH levels tend to fall. Thus the char- 
acteristic abnormalities may be represented as a spectrum 
(Table 13,7). Similar but less pronounced changes also 
occur in postmenopausal women with chronic liver dis- 
case. Three quarters of men with cirrhosis have oligosper- 
mia and this is associated with normal levels of follicle 
stimulating hormone (FSH), The absence of a compensa- 
tory rise in FSH levels has been attributed to a hypo- 
thalamic defect which is characteristic of patients with 
cirrhosis. Absence of testicular atrophy, a normal LH or 
a normal LH or FSH response to clomiphene or gonado- 
trophin-releasing hormone predict recovery of sexual func- 
tion in alcoholic men who abstain from further drinking. 

Hypogonadism is a prominent feature in men with 
idiopathic haemochromatosis. Unlike the situation with 
other types of cirrhosis, such as that due to alcohol, 
impotence may occur very early in the disease (and even 
before the cirrhosis develops). It is probably due to a com- 
bination of testicular damage due to iron overload (and 
excessive alcohol consumption, often a feature of haemo- 
chromatosis), pituitary dysfunction, concurrent hepatic 
cirrhosis and diabetic autonomic neuropathy. The pini- 
tary dysfunction, which is probably the most important 
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factor, is caused by selective iron deposition in the gonado- 
trophin-secreting cells, Levels of LH (and prolactin) are 
subnormal in the majority of men with chnical hypo- 
gonadism associated with liver disease, 


Changes en fruer funchon during pregnancy 


Abnormalities (occasionally marked) in the LFTSs may 
occur during normal pregnancy. These have been attrib- 
utéd, not unreasonably, to changes in the hormonal envi- 
ronment and there is good experimental evidence that 
cestrogens are involved, Thus similar abnormalhties are 
also seen in women taking the contraceptive pill or 
chaïilenged with oestrogenic preparations. 

The most pronounced change is a tendency towards 
cholestasis in the last trimester. Normally this can only be 
detected by very sensitive techniques, such as the brom- 
sulphthaléein excreuon test (Ch. 12}. The plasma activities 
of v-glutamyl transferase and alkaline phosphatase also 
rise in late pregnancy but the larter is attmbutable mainly 
to placental ALP. In a small percentage of women, how- 
ever, this téndency 1s exaggerated and symptoms of jaun- 
dice and/or pruritus develop. Although different names 
are given depending on the predominant symptom, they 
probably form part of a spectrum. Signs and symptroms 
disappear within a few davs, or even hours, of delivers 
but recur with varving degrees of severity in subsequent 
pregnancies Or on exposure to oestrogen either therapeuti- 
cally or in contraceptive préparations. Female relatives 
of patients with imtrahepatic cholestasis of pregnancy (as 
the whole syndrome is now often classified) are at an 
increased risk of developing the same syndrome. 

Acute fatty hiver of pregnancy 15 another condinion 
specific to pregnancy but may be much more severe. The 
patient usually becomes jaundiced, aminotransferase lev- 
els are markedly elevated and hepanic failure often ensues. 
Pauents with pre-eclampsia may develop liver damage 
and very high levels of aminotransferases, although in this 
condition plasma bihrubin levels are usually normal, 

Not surprisingly, the excretory defect in patients with 
the Dubin-Johnson syndrome (Ch. 12) is worsened by 
ocstrogens and such patients often Grst present with, or 
sufler from, increasing jaundice during pregnancy or on 
first exposure 10 the contraceptive pull. Pregnancy and the 
contraceptive pill are also associated with the develop- 
ment of benign liver tumours and increased blood coagu- 
lability leading to hepatic vein thrombesis but both of 
these complications are exceedingiy rare. 


Carbohydrate intolerance 


Most patients with hepatic cirrhosis exhibit carbohydrate 
intolerance to an oral glucose load. This 15 probably due 
to insulin reustance at the level of peripheral glucose 
uptake and glycogen synthesis by muscle. The fasnng 


plasma concentration of insulin 15 increased because of 
a combination of decreased hepatic extraction, énhanced 
secretion and portosystemic shunting. 

Hypoglycaemia, presumably because of the vast 
functional hepatic reserve, is rare in liver disease, being 
vitually confined t6 patients with acute liver failure, ga- 
lactosaemia, fructosaemtia or, éven more rarely, primary 
hepauc malignancy. Hypogiycaemia is common in acute 
liver failure and its consequences are so serious that such 
patients should be routinely maintained on a glucose 
drip, particularly 1f they are being transferred between 
hospitals. 

In patients with non insulin-dependent diabetes and 
liver disease who require treatment with oral hypoglvcae- 
nucs, biguanides are best avoided beçause of the danger 
of lactic acidosis. Most sulphonylureas are metabolized in 
the liver and those with a long plasma half-ife should be 
avoided in patients with liver disease, because of the risk 
of hypoglycaemia due to accumulation of the drug. 


DRUGS AND THE LIVER 


Biochemical tests play a crucial role in thé recogniuon and 
monitoring of adverse effects of therapeutic drugs. À 
recent International Consensus Meeting has clarifñied the 
terminology best used for reporting and recognizing such 
reactions and for inferning causahity bv the temporal rela- 
tion between drug administration and putative hepatic 
dysfunction. Ir should be emphasized here that this dis- 
cussion is not about patients with liver disease, but pa- 
tients with other conditions who develop some form of 
liver dysfunction after treatment. Table 13.8 lists che defi- 
Mminons and gives some classic examples, In the absence of 
histological evidence, the term ‘hiver injury” is preferred to 
‘heparius’ or ‘cirrhosis”. Almost all the pathological condi- 
tions described in this chapter can be caused by drugs, 
chemicals or toxins. The reader 1s referred to standard 
texts for a detailed hist of possible associations between 
liver disease and xenobiotics. 


NEOPLASTIC DISEASE OF THE LIVER AND 
BILIARY TRACT 

Liver tumours are classified as benign or malignant and 
the latter subclassified as primary or secondary, Benign 
hiver rumours are of little clinical significance other than as 
a very occasional association with the use of oral contra- 
ceptive preparations and their increasing incidental detec- 
tion during ultrasound or computerized tomography (CT) 
imaging. The extent to which incidentally detected space- 
occupying lesions of the liver should be further investi- 
gated is difficult and controversial;, most will be benign 
and of no clinical sigrüificance but it is tragic to miss the 
occasional malignant tumour which, being detected early, 
may be amenable to surgical resecuion. In general, LFTSs 









ALT > 2ULN 
ALP > 2ULN R < 2 
ALT and ALP > 2ULN 2<R<5 





ULA = upper limit of reference range 


are normal in subjects with benign lesions so that there 
is hittle argument that further investigation should be 
undertaken if LETS are abnormal in any respect. 

In the West most malignant disease of the liver involves 
metastatic deposits from primary tumours of the gut, lung 
or breast. The LFTSs are not specific for any particular 
primary site but, if they are within the reference range, 
métastases will seldom be detectable by imaging. Meas- 
urement of carcinoembryonic antigen is of little diagnostic 
use but serial measurement after resection of a primary 
colorectal tumour may provide early evidence of disease 
recurrence, particularly in the liver. 


Hepatocellular carcinoma and alphafetoprotein 


Primary liver cancer is uncommon in the West but, 
worldwide, hepatocellular carcinoma (HCC) is one of the 
commonest and most malignant of neoplasms. It arises 
as a complication of hepatic cirrhosis in more than 75% of 
cases and is one of the few tumours in which a serological 
marker, alphafetoprotein (AFP), is clinically useful and 
widely available. The reference range for AFP is usually 
quoted at less than 10 ng/mL (10 ug/L.) and values of up 
to 10’ ng/mL are seen in patients with HCC. Values 
above 500 ng/mL., in an appropriate clinical setting, are 
virtually diagnostic of HCC, but there is a ‘grey area’ 
between 10 and 500 ng/mL where similar values can be 
seen in patients with uncomplicated chronic liver disease. 

Unfortunately many patients with small and potentially 
resectable tumours fall into this range and several at- 
tempts to improve the specificity of the test have been 
made, À steady increase in AFP concentration within the 
‘grey area’ is particularly suggestive of malignant change, 
Also, there is good evidence that a high percentage of AFP 
originating from malignant cells is hyperfucosylated and 
a routine test for this fraction may become available in 
the near future. As well as in diagnosis, AFP concentra- 
tion is widely used to monitor response to therapy since, 
in the individual patient, the concentration behaves as if 
it reflects tumour load. 

À rare type of HCC, the fibrolamellar variant, is char- 
acterized by occurrence in adolescence, absence of AFP 
and a rather better prognosis than other types of HCC. 
The plasma unsaturated B,, binding protein (UBBP) and 
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neurotensin concentration are usually grossiy elevated. 
The diagnosis is, however, histological, but measure- 
ment of UBBP and neurotensin may be used to monitor 
treatment. 


TOTAL PARENTERAL NUTRITION (TPN) 
Abnormalities of LFTSs are frequently noted in patients 
receiving TPN and usually arise during or after the second 
weck of therapy. An increase in ALP and AST to more 
than twice the upper limit of the reference range occurs in 
up to 50% patients but few actually develop clinical jaun- 
dice. The underlying histological lesion is usually steatosis 
but the mechanism is obscure. There seems little doubt 
that overprovision of calories and infusate imbalance 
(particularly when glucose alone rather than glucose and 
fat is used as the energy source) is involved. Much anxiety 
has been expressed about the hepatotoxicity of fat emul- 
sions but this only occurs if very high concentrations are 
used. 

The possibility that changes in LFTSs might be attnbut- 
able to TPN rather than a specific complication of the 
condition for which the TPN is being used must be borne 
in mind. An additional complication of TPN is the devel- 
opment of both gallstone disease and acalculous chole- 
cystitis. In neonates, particularly when premature, the 
development of TPN-related liver disease may limut its 
use. In such children, the hepatic lesion ranges from mild 
cholestasis associated with steatosis to severe cholestasis, 
cirrhosis and liver failure. 


BACTERIAL INFECTIONS 


Extrahepatic bacteraemia 1s frequentiy associated with 
abnormal LETSs and, particularly in the young, jaundice. 
The picture is usually one of cholestasis, although in 
certain specific instances, for example in the toxic shock 
syndrome (due to Sraphylococcus aureus infection), the 
picture may be more hepatitic, 

Spontaneous bacterial peritonitis occurs in subjects 
with ascites and liver disease in the absence of any ap- 
parent intra-abdominal source. The condition may be 
clinically silent, the only manifestations being onset of 
encéphalopathy or deterioration in renal function, Rapid 
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detection 1s essential and diagnosis is based on measure- 
ment of the polymorphonuclear leukocyte count in ascites 
and Gram stain of a centrifuged pellet (Table 13.9). The 
responsible organism is usually Æ. coli, less frequently 
pneumococci. 


REYE’S SYNDROME 


This is a sporadic acute and often fatal disease of children 
which usually occurs during recovery from a mild viral 
iliness, particularly chickenpox and influenza. There is a 
variable degree of encephalopathy associated with severe 
vomiting and biochemical evidence of liver involvement 
as indicated by grossly raised plasma aminotransferase 
activity, hyperammonaermia, hypoglycaemia and a prolon- 
gation of the prothrombin time. The plasma bilirubin con- 
centration is characteristically within the reference range. 
The liver biopsy shows microvesicular fat accumulation 
and there is a marked decrease in the activity of various 
mitochondrial enzymes. Electron microscopy, which 1s 
diagnostic, reveals swollen pleomorphic mitochondria. 
The cause of this syndrome is usually unknown but an 
increasing number of inborn errors of metabolism are 
being recognized which present in a similar manner and 


these include urea cycle disorders, organic acidaemias 
and disorders of farty acid oxidation. The latter should 
be suspected when, in the presence of hypoglycaemia, 
ketones are not detectable in the urine. When the diag- 
nosis of Reve’s syndrome is considered, it is important to 
store serum and urine for subsequent testing for these rare 
diseases. In some, specific treaument may be available and 
their diagnosis may also be important for future genetic 
counselling. 


INHERITED METABOLIC DISORDERS 
INVOLVING THE LIVER 


Iron overload and genetic haemochromatosis (GH) 


Iron balance is normally carefully regulated and whilst the 
precise mechanism(s) remain unclear, the results of net 
increase in tissue deposition are well recognized. The 
term haemochromatosis refers to a group of disorders in 
which excessive iron deposition causes tissue damage, 
particularly to the liver, pancreas and heart. Haemo- 
siderosis implies iron overload without tissue damage. In 
primary (genetic) haemochromatosis the condition is re- 
lated to unregulated intestinal iron uptake whereas sec- 
ondary haemochromatosis occurs in conditions requiring 
multiple blood transfusions and in alcoholism. 

The astute clinician may suspect the diagnosis of 
haemochromatosis on the basis of signs of liver disease, 
glycosuria and a slaty grey appearance of the skin but 
confirmation of the diagnosis is entirely dependent on 
laboratory tests. It is an autosomal recessive condition, the 
abnormal gene being located on the short arm of chromo- 
some 6. This is in linkage disequilibrium with HLA A3 
but testing for this antigen plays no diagnostic role in the 
individual patient although determination of a patient’s 
haplotype may help in making an early diagnosis in an as 
yet asymptomatic relative. 

The crucial investigations are plasma iron and fernitin 
concentration and transferrin saturation (Table 13.10). 
The plasma iron concentration is usually greater than 
40 umol/L (reference range 10-30 umol/L). Transferrin is 
always > 50%, and usually > 60%, saturated. Serum ferri- 





tin concentration, which is propornonal to the iron excess, 
is usually over 1000 ugfL (upper limit of reference range, 
200 ugL} and starts to rise when hepatic iron stores 
exceed twice the reference range. 

If these tests suggest iron overloac a hiver biopsy is un- 
dertaken to assess the degree of liver damage. Histological 
staining for iron (using Perls” stain) gives a semiquantita- 
tive assessment of the degree of 1ron overload, which in- 
volves both hepatocytes and Kupffer cells, but the amount 
of iron in a biopsv can also be quantitared directis. The 
reference range is up to about 20 umol/g dry liver weight 
but is over 40 umol/g dry liver weight in patients with 
haemochromatosis. 

Treatment involves weekly venesection until the pa- 
tient starts 10 develop iron deficiency anaemia and the 
ferritin concentration falls to within the reference range. 
Since 500 mL. of blood contain about 250 mg of iron, the 
total body iron at the time of diagnosis can be calculated 
(aftér correcting for 2 mg/24 h loss from the gut). It 1s 
usually in the order of 20-50 g compared to less than 
S5g in the normal individual. The same figures can be 
obtained from a knowledge of dhe plasma fernitin which 
may also be used to monitor the progress of treatment 
(l'ug/L of ferritin is equivalent to approximately 8 mg 
of iron). Unless decompensation has already occurred 
phlebotomry 1s successful in preventing progressive liver 
disease, aithough the high risk of development of hepato- 
cellular carcinoma remains. It is also important to screen 
the patient's relatives for haemochromatosis so that treat- 
ment can be mstituted before liver damage occurs. Plasma 
ferritin and transferrin saturation are the most sensitive 
tests for presymptomatic detection. 

À major practical problem in diagrosing GH is that 
there tends to be overlap between patients with alcoholic 
hiver disease and those with GH. In particular, there is 
overlap in terms of the tissue concentration of iron as- 
sessed either by histolomcal staging or biochemically, One 
solution to this problem has been calculation of the 
hépatic nssue iron index which is the hepatic iron tissue 
concentration divided by age (Fig. 13.3). This appears to 
give a complete distincuon. The problem of coexisting 
alcoholism and GH has been discussed above. 


Wilson’s disense 


Wilson'’s discase is a disorder of copper metabolism which 
is inherited in a recessive manner, Like hsemochromato- 
sis, it is treatable and thus has an importance in liver 
disease out of proportion to its frequencv, Liver disease is 
the most prominent aspect in about 40%% of cases, the 
remaimder exhibiting neurological, psychiatric or haema- 
tological complications. The hepatic presentation may be 
with signs of chronic liver discase or with fuiminant hepa- 
uus but there may be no clinical abnormalities in affected 
siblings detected by screening. In the absence of Kayser- 
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Fig. 13,3 Tissue iron index om patents with alcohohc hver disease 
(ALD}, genetic hsemochromatosis (GH) and other forms of chrome 
hiver disease (CLD. {Reproduced from Salle RW, Reed W D, Shilkan 
K B. Gux 1991; 323: 207-106.) 


Fleischer rings“, the diagnosis is often entirely based on 
laboratory investigations. 

Among those presenting with chronic liver disease the 
clevation of AST is said to be inappropriately low for the 
degree of hepatic inflammation and ALP is often in the 
reference range. There may be a low grade haemolytic 
anaemia leading to mild hyperbilirubinaemia and an in- 
creased risk of pigment gallstones. Copper deposition may 
lead to renal tubular dysfunction with loss of potassium, 
glucose, amino acids and phosphate, 


Lhagnosis 


The diagnosis or exclusion of Wilson’s disease 1s of crucial 
importance to patients and their relations, It is seldom 
as straightforward as may appear in standard texts; 1f there 
is any doubt about the diagnosis, advice should be sought 
from a specialist centre. The characteristic laboratory 
features (see Table 13.11) are: 


1. À low plasma caeruloplasmin concentration. More 
than 90% of patients will have a value below the reference 
range of 200-400 mL. The only exception is when there 
is very ‘active’ liver disease where values may fall within 
the lower part of the reference range. About 10% of 
carriers will also exhibit a low plasma caeruloplasmin 
concentration. 

2. À high üssue copper concentration. It is obviously 
important that the diagnosis of Wilson’'s disease is enter- 





FA brown ring around the perinhery of dhe cornes caused by copper 
depositon in Descemet's membrane. 
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Conditions such as primary bilinry cirrhosis and sclerosing cholangitis 


| SAny severe heputitic iliness 


tained before liver biopsy is undertaken so that an appro- 
priate sample may be taken for estimation of liver copper 
concentration, It is worth taking two cores, one for routine 
histology and one for tissue copper estimation, to reduce 
the risk of a falsely low value due to sampling error. 

The combination of a very low plasma copper concen- 
tration with a very high tissue copper concentration is 
diagnostic of Wilson’s disease especially when Kayser- 
Fleischer rings are detected. Nonetheless, it is not infre- 
quent that hiver biopsy is contraindicated because of 
severe coagulopathy or that tissue levels are not diagnos- 
uically raised, so that other confirmatory tests are often 
undertaken. 

3. Urinary copper excretion and the penicillamine 
sumulation test, Urinary copper excretion is invariably 
increased in patients with Wilson's disease and the sen- 
sitivity of the test can be increased by stimulating copper 
excretion with penicillamine. À 500 mg dose is given orally 
and a 24 h urinary copper concentration of more than 20 
times higher than that measured without penicillamine 
is virtually diagnostic. 


Long-term management of hepanic Wilson's disease 


Wilson’'s disease is treated with penicillamine and this 
leads to a gradual improvement in standard LFTSs. The 
rationale for the use of penicillamine was to increase 
urinary copper excretion and thereby ‘decopper” the body. 
Despite the undoubted efficacy of the drug in Wilson's 
disease, it now appears that liver copper concentrations 
do not change and that the mechanism of action of peni- 
cillamine is considerably more complex than originally 
thought. 

It is important to test the urine for protein during 
penicillamine treatment, since there is a wide variety of 


> 10-fold increuse 





immunologically mediated conditions that may be preci- 
pitated by penicillamine, including a nephrotic syndrome 
and Goodpasture’s syndrome. Treatment must be lifelong 
and even short interruptions may precipitate fatal hepatic 
failure. Since penicillamine tablets are unpleasant to take 
and some children will never have had or will not be able 
to remember having had any symptoms of the disease, 
compliance may be a problem. The best indication that an 
effective dose is being taken is said to be that the concen- 
trauon of non-caeruloplasmin-bound copper is less than 
100 umol/L. 


Indian chidhood cirrhosis 

This condition, which affects young children, is, as the 
name implies, confined to the Indian subcontinent. The 
liver is grossly fibrotic and levels of tissue copper are in 
the same range as those seen in Wilson's disease (Table 
13.11). The aetiology is probably related to the intake of 
excessive amounts of copper (from milk stored in copper 
vessels) in the presence of a genetically deleterious excre- 
tory defect. Arsenic ingestion has also been implicated, 
Penicillamine may be effective 1f given before decompen- 
sation develops. 


«,-Antitrypsin deficiency 


Deficiency of this glycoprotein, which acts as an anti- 
proteinase, is associated with both pulmonary and liver 
disease. The condition is inherited codominantly and in 
the classic form of the disease (with the PiZZ phenotype), 
characteristic PAS positive, diastase-resistant globules are 
detectable within the portal tracts. These represent accu- 
mulation of the protein within the endoplasmic reticulum, 
which cannot be excreted because of a single amino acid 


substitution, The mechanism of Liver cell damage, which 
may progress Lo cirrhosis, 15 11] understood. 

The patient may present (or be detected incidentally) 
at any time from infancy to old age. The most important 
penod is during the first few weeks of life when about one 
quarter of cases of the neonatal heépatitis syndrome are 
due to this condition. The associanon with hiver disease is 
very variable. Some children, particularly those who do 
not develop symptoms in infancy, may never develop liver 
discase, whulet others may progress rapidly to cirrhosis and 
death from hiver failure. The screening test 1s estimation 
of the plasma concentration of &,-antitrvpsin which is 
characteristically low or zero, However, falsely raised lev- 
els may be present when there 1s active inflammation (as a 
result of the acute phase response) so that it is essential to 
determine the phenotype in any case where the disease 1s 
a serious possibility. 


The hepatic porphyrias 


These are so called because the major organ in which ex- 
cessive production of the porphyrins or their precursors 
takes place is the liver. However, the four types (acute 
intermittent porphyria, hereditary coproporphyrnia, varnie- 
gate porphyria and Dess porphyrisa) do not have any he- 
patic manifestations other than the occasional mild rise in 
plasma AST activity. Porphyria cutanes tarda has already 
been described. Asymptomatic porphyrinuria (mainly due 
to Coproporphyrin) 15 common in many acute hiver dis- 
cases and hepatic rumours, In ervthropoietic porphyria 
the liver plays a minimal role in protoporphyrin overpro- 
duction but hepatic complications may occasionally arise; 
these comprise gallstones and cirrhosis associated with 
massive protoporphyrin deposition. 


Cystic fibrosis 


À wide spectrum of hepatobiliary complications of cystic 
fibrosis is becoming increasingly recognized as larger 
numbers of children survive to adulthood as a result of 
improvements in the treatment of the pulmonary compli- 
cations. In infancy, cystic fibrosis may present as neonatal 
cholestasis often in association with meconium ileus, In 
older children, a fatty liver may occur but the major 
problem is a focal biliary cirrhosgis wluch progresses to a 
gencralized cirrhosis with all the complications thereof 
described previously. Extrahepatic bilary disease with 
strictures of the distal common bile duct are also frequent 
although this, of itself, is probably not directly involved 
in the pathogenesis of the liver disease. Laboratory investi- 
gauon 1s important in the diagnons of this condition 
(Ch. 23) but the LETSs are entirely non-specific and serve 
no more than to indicate that liver abnormalities are 
present. LFTs have been used to monitor response to 
therapy with ursodeoxcholhic acid. 
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Other inborn errors of metabolism 


Diagnosis, management and genetic counselling in chii- 
dren with inborn errors of metabolism form a large part of 
paediatric hepatologv. The disorders also illustrate many 
aspects of applied intermediary metabolism, Most are rare 
and few laboratories will develop wide experience, Here, 
the more common types are described briefly with more 
detailed accounts referenced at the end of the chapter. 


Tvrosinaemia 


This 15 an autosornal recessive condition due to deficiency 
of fumarvi acetoacetate hydrolase (Fig, 13.4) which usu- 
ally presents at the age of between 2 and 6 months with 
vomiting, diarrhoea, oederma, ascites, hépatosplenomegaly. 
hypoglycaermia and failure to thrive. There is a marked 
blecding diathesis due to prothrombin deficiency. Other 
characteristic features include systemie and renal tubular 
acidosis leading to hypophosphataemic rickets. Rapid and 
accurate diagnosis is essential since dietary restriction of 
phenylalanine, tyrosine and methionine may improve the 
prognosis in thus otherwise fatal disease. 

À more chronic form of the disease may present later in 
childhood with cirrhosis and a high incidence of hepato- 
cellular carcinoma although alphafetoprotein levels may 
be grossiy elevated even in the absence of tumour. Liver 
transplantation 1 being increasimgly used in both forms of 
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Fig. 14,4 intermediary metabolism of tsrosine, Classical tyrosinaenmis 
{type L'or tyrosmoss) à caused by «a defect in fumarvl acetoacetste 
hydrolase activity bur defects at other sites are also recognized 
including alkaprtonuna in which there ts deficiency af homogentisic acid 
oidase. There are increases of all precursors Gncluding tyrosne] in the 
urine, but the diagnostic test is for succinylacetone which, by reacung 
with sulphvdryl groups, may tn part be responsible for the ussue 
damage. 
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the disease. The diagnostic vest is the detection of urinary 
succinvl acetoacetate or succinylacetone which may also 
bé measured in amniotic fluid for prenatal diagnosis. 


Galactosaema 


Gralactose is generated by intestinal hydrolysis of lactose 
and readily converted, in the hiver, to glucose. The reac- 
uons mvolved are tested during measurement of the 
‘galactose elimination capacity (see Ch, 12} Classic 
galactosaernia is an autosomal recessive condition which 
is due to deficiency of the enzyme galactose 1-phosphate 
uridyl transferase, resulting in accumulation of galactose, 
galactitol (by an aldoreductase) and galactose 1-phosphate 
in all body tissues (Fig. 13.5). There is a wide range in the 
severity of expression of the disease; in the majority there 
1S a severe unconjugated jaundice with rapidiy progressive 
hiver failure indicated by bleeding and ascites and starting 
as soon as milk is introduced into the diet. Less severely 
affected individuals have a chronic condition character- 
ized by liver disease, cataracts and learning difficulties. All 
children with dus condinion show an extreme susceptibil- 
ity 10 septicaemia, 

LFT 5 are grossly deranged and hyperchloraemic acido- 
sis is prominent. Cronadal failure is common in females. 
À galactose tolerance test is no longer used to establish 
the diagnosis since it Is now recognized chat patients with 
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Fig. 13.5 Metabolism of galactose, The usual leson in classical 
galsctéssenma is à decrensed activity of galactose L-phosphaté uridy! 
transferase, but thé other enzymes listed mav also be mvolved in some 
cases, Note that thé epimerase activity is nommal in most affected 
indiidusls so that even on à galactose-free diet, galactossemnc 
individuals gencrate enough gslactose for normal development, 


many types of severe liver disease develop galactosuria 
when challenged with a galactose load. The diagnosis 1s 
based on the demonstration of decreased enzyme activity 
in liver or red blood cells. Treatment is by withdraæwal of 
galactose and lactose from the diet. 


Hereditary fructosre intolerance 


The deficient enzyme 1s fructose 1-phosphate aldolase. As 
with galactosaemia, there is a range of severity from acute 
liver failure shortly after fructose is first introduced into 
the diet vo a more chronic form in which cirrhosis and its 
associated complications develop slowly, The deficient 
enzyme is measured in biopsy samples of liver tissue or 
small intestine. Affected children often experience hype- 
glycaemic attacks, with a lactic acidosts and hyperuricae- 
ma, and have evidence of renal tubular dysfunction. 


The sphingolipidoses and Niemann-Pick disease type C 


The sphingolipidoses are recessively inherited lysosomal 
disorders in which there is a deficiency of a specific Iyso- 
somal hydrolytic enzyme and consequent deposition of 
complex lipids in various tissues. Type C Niemann-Pick 
discase is the second most common inherited cause of 
hver disease in the United Kingdom. In most patients the 
disease presents with à fatal neonatal hepatitis but among 
those who survive, the hiver disease becomes less promi- 
nent but death from progressive neurological damage is 
inevitable. 


CGlycogen storage diseases 


At least 12 distinct enzymauc lesions comprise this group 
of autosomal recessive diseases characterized by deficient 
mobilization of glycogen, deposition of abnormal forms 
and very variable prognosis. Types V and VII do not cause 
liver disease, In the remainder, which can affect the liver, 
clinical features are usually apparent in childhood and in- 
clude gross hepatomegaly associated with hypoglycaemic 
attacks and growth failure. Descripnion of the biochernical 
lesion, specific clinical features and treatment of ail the 
glycogen storage diseases is bevond the scope of this 
chapter and the reader is referred to advanced texts, Only 
type IV is consistentiy associated with cirrhosis. LETSs 
are abnormal in most types, particularly types IT and TV, 
but jaundice is very rare. Hypoglycaemia is common to 
all and hyperuricaemua is prominent in types IL, II and 
IX. The specific diagnouis is established in types I, II, 
IV by demonstrating the enxvme deficiency in leukocvytes 
and in the remamder, in liver tissue. Management re- 
volves around dictary measures to maintain blood glucose 
levels, Liver transplantation is appropriate in some types, 
particularly those that progress to hepatic adenomata and 
hepatocellular carcinoma (1 and IT). 


LIVER TRANSPLANTATION 


Liver transplantation 1s à rapidiy expanding and increas- 
inglv successful part of climmical hepatology, improvement 
in survival figures over the last decade has been largely 
due to better defined indications, improvement it im- 
munosuppressive regimens and techniques for organ pre- 
servation. The main indication is end stage chronx Liver 
disease but, as already mentioned, the procedure is being 
increasingly used for acute liver failure and in children 
for reversal of certain congenital and inherited metabolic 
defects. Although the procedure is now routine in many 
units, EXTENSIVE Préoperative assessment 15 still required 
and major complications are common. In any event, a 
liver transplantation programme will impose a heavy load 
on a clinical pathology laboratory. It is clearly beyond the 
scope of thus Chapter to discuss afl the problems that may 
anise but these may be summarized under the following 
three headings. 


The immediate postoperative period 


Immediately after the operation high aminotransferase 
activities are due to damage of the donor organ - ‘preser- 
vation injury’. Between the th and läth day most pa- 
tients will experience an episode of acute cellular rejecnon 
which requires rapid diagnosis and treatment. The event 
is charactenzed by malaise, the bile becomimng thinner and 
less viscous, and deterioration of LFTSs, particularly a rise 
in aminotransferase activity, Such changes are not, how- 
ever, specific for acute rejection but can also be seen Im 
récurrent viral hepatius and graft ischaemia, For thus 
reason liver biopsy is being undertaken routinely dunng 
the first 2 postopérative weeks and treatrnent decisions are 
made on this basis, Some degree of renal impairment 1s 
invariable over the first 2 or 3 days even if not present 
before the operation. 


Long-term complications of surgery and 
immunosuppression 


Because of the tenuous blood supply of the common bile 
duct, biliary tract complications are frequent but the labo 
ratory features are no different from those seen in patients 
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with other forms of biliary tract disease, The immuno- 
suppressive drug cyclosporin is néphrotoxic and if blood 
levels of the drug are not monitored closely there may be a 
marked decrease in glomerular filtration rate over the first 
few months, This usually stabihizes thereafter, but severe 
hypertension and renal failure have been described. There 
is an increased risk of malignancy comprising mainly neo- 
plasms of the skin and lymphatic system (often relatéd to 
Epstein-Barr virus infection). The latter may sometimes 
regress if immunosuppression is withdrawn. 


Recurrence of the original disease 


It is now clear that, without specific treatment, if hepautis 
B {and probably C) are present preoperatively, they will 
recur äfter the operation in the majority of cases. The 
laboratory features are those of an acute hepantis as al- 
ready described but in addition there may be a rapidiy 
progressive illness which is characterized histologicallys by 
a fibrosing cholestatic hepatitis. Plasma bilirubin concen- 
tration rises rapidly and the prothrombin time is pro- 
longed but ALP and aminotransferase activities are near 
the reference range. 

Malignant liver disease also recurs in patients with ali 
but the smallest of tumours but whether or not other con- 
ditions such as primary biliary cirrhosis and autoimmune 
CAH recur is less certain. 


SUMMARY 


Liver disease is best classified according to ts aetiology, 
quahifed by the nature of the resulting pathological change. 
There are many aetiologcal factors, including viruses and 
other infective agents, drugs and toxins, metabolic dis- 
cases and autoimmune processes. The range of pathologi- 
cal responses is limited; the most frequent are hepatitis, 
Cirrhosis and cholestasis. 

Hepatitis can be acute or chronic; chronic hepatitis can 
lead to cirrhosis and cholestasis can be a feature of both 
acute and chronic liver disease. Liver disease frequently 
has extrahepatic manifestanons, reflectung the central role 
of the liver in metabolism. 

Liver transplantation is increasingly being employved in 
the management of many hitherto fatal liver diseases. 
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THE PHYSIOLOGY OF GLUCOSE 
HOMOEOSTASIS 

Maintenance of normoglycaemia 

Blood glucose concentrations are maintained within very 
close limits in healthy people. Any given individual has a 
very strictly maintained postabsorptive (e.g. fasted over- 
night) blood glucose concentration of 4.5-5.2 mmol/L, 
with intraindividual coefficients of variation (CV) of 
1-2%, Intenndividual coefficients of variation (assuming 
similar times since previous meal, levels of activity, com- 
position of previous meal, etc.) are < 5%, Glucose con- 
centrations in healthy people increase after meals but 
typical meals will not raise blood glucose above 10 mmol/L. 
and normoglycaemia is usually restored within 2-4 hours. 
Reductions in glycaemia are produced by severe sudden 
unaccustomed exercise or prolonged fasting (or both}, by 
the pathological conditions discussed in Chapter 15 and 
by pharmacological means, but are not typically encoun- 
ered in a healthy Western adult on a daily basis, 

The strictness of glucoregulation is most remarkable 
when compared to the relative laxity of regulation of 
other circulating metabolic fuels such as ketone bodies 
and non-esterified fatty acids (NEFA, also known as free 
fatty acids, FFA). The reason for strict avoidance of low 
blood sugars is readily apparent in terms of the avoidance 
of hypoglycaemia (see Ch. 15). The threshold for the 
onset of detectable neuroglycopaenia is of the order of 
3.0-3.,5 mmol/L and it is thus appropriate that counter- 
regulatory mechanisms are set to respond to maintain gly- 
caemia comfortably above this level. The reason for the 
strict avoidance of hyperglycaemia is less immediately ap- 
parent. Symptoms of hyperglycaemia are florid (in sub- 





Diabetes mellitus 


jects used to relative normoglycaemia) at blood glucose 
concentrations Of 12-13 mmol/L and may commence at 
concentrations below 10 mmol/L. The severe metabolic 
consequences of hyperglycaemia at levels above 20 mmol/L. 
are discussed in the section on diabetic emergencies 
(p.275). In contrast, mild hyperglycaemia is usually 
asymptomatic. The teleological value of the strict avoid- 
ance of mild hyperglycaemia is not apparent except in 
terms of avoiding those problems we recognize as conse- 
quences of prolonged hyperglycaemia and usually refer to 
as ‘long-term diabetic complicauions” or ‘diabetic tissue 
damage” (p. 271). 

The mechanisms for regulauon of normoglycaemia 
are outlined in Table 14.1, which lists counter-regulatory 


Promites lipolyss to poids ahèrantive fuel sourte(s) 
Inhibits insulin secretion 
hcmonces * 
glycogenolvsis, gluconeogenesis and thus 
glucose output by the liver. May increuse hepratic 
ketone body 
Cortisol: promotes glycogencesis, gluconcogenesis and increased 
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muscle and adipose tissue 
Growth hormone: promotes hepatic glycogenolysis and increased 
hepatic glucose output, promotes lipolysis 
| Other mechanisms 
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| Insulin secretion inhibited 
| Feelings of hunger promote eating 


Hypoglyvcaemis per se stimulates hepatic glucose output 
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Fig. 14.1 Insulin's main antihyperglycaemic actions, Insulin 
gluconcogenic precursors such as glycerol, alanine and lactate, 


sensitive 


reduces the production of 
réduces activity of hépatic 
duconcogenic enxymes, and (3) reduces hepatic giycogenolysis to glucose. These effects contribute to 
(4) reduced hepatic glucose output. Insulin (5) reduces cellular glucose uptake mediated by insulin- 


 transporters (GLUT4) and (6)reduces competition for glucose oxidation 


by 
alternative fuels (‘Randle effect’). The reduction of competing fuels involves (7) inhibition of NEFA 
release from adipose tissue and (5) reduced hepatic ketogenesis, (@) Insulin promotes glucose storage as 


glycogen. 


mechanisms responsible for preventing hypoglycaemnia, 
and Figure 14.1 which outlines the main sites of insulin 
action relevant to prevention of hyperglycaemia. 


Glucose enters the body directly from the gut, as the re- 
suit of hydrolysis of a variety of carbohydrates. Other sug- 
ars absorbed are converted to glucose in the liver. Glucose 
moves around the body in the bloodstream, being released 
by the liver and taken up by almost all other cells. Glucose 
is made in the liver (with smaller amounts being synthe- 
sized in other organs capable of gluconeogenésis such as 
the kidney) from glucogenic amino acids and from glyc- 
erol, lactate and pyruvate. Hepatic glucose output 1s 
= 2.0 mg/kg body weight/min in the resting postabsorptive 
state or 200-300 g during the average day (varying with 
the availability of glucose from food and with the body's 
requirements due to exercise). The balance of glucose in- 
flux into the circulation (principally from hepatic glucose 
production) and peripheral clearance of glucose deter- 
mines the level of glycaemia. 

Glucose moieties are stored as glycogen, a 70 kg man 
typicaliy having a total of 700-1000 g (hydrated) giyco- 


gen. Most of this is stored in the liver (60-125 g) and 
skeletal muscle (400-600 g) with lesser amounts in other 
ussues. Glycogen is synthesized from both glucose and the 
gluconeogenic substrates such as lactate, pyruvate, gly- 
cerol and some amino acids. Glycogen in skeletal muscle 
can provide fuel for muscle but does not provide a source 
of glucose for release into the circulation. 

Glucose provides approximately 40-60% (on a rypical 
Western diet) of the total fuel expenditure of the body 
during a 24 h period. Ir provides almost all the energy of 
the central nervous system (especially in well-nourished 
subjects, although sustained fasting allows cerebral ketone 
body utilization). During high intensity exercise and dur- 
ing the 4-6 h postprandially glucose is the predominant 
fuel of the whole body. Glucose is the most efficient 
fuel for oxidation in terms of the libération of energy 
(112.2 kcal or 6 mole ATP) per mole of oxygen con- 
sumed. Many tissues can use either ketone bodies, fatty 
acids or glucose for their basal metabolism, switching 
between these different fuels depending upon their avail- 
ability in the circulanion. 

Glucose is fully oxidized to carbon dioxide and water 
in skeletal muscle, brain and liver. The brain accounts 
for most of the glucose oxidized in the fasting state (100— 


125 g per 24h). Skeletal muscle may take up 10-20% of 
hepatic glucose output in the resting state. Usually 10- 
20% of hepatic glucose output is not oxidized but con- 
verted to lactate, pyruvate, glycerol or amino acids and 
subsequently returns to the liver and is resynthesized to 
glucose. Fatty acids (or their partial oxidation products, 
ketone bodies) are the prime fuel of resting muscle, heart 
and liver, Other issues such as red blaad cells, skin, adi- 
pose tissue and the renal medulla derive energy from gly- 
colysis to lactate and pyruvate, even in the normal state, 
Glycolysis to lactate is an anaerobic process to which 
many cells may resort when faced with hypoxia, for exam- 
ple, skeletal muscle during high intensity exercise. 


Glucose transporters 


Glucose uptake mto cells is a process of facilitated diffu- 
sion mediated by glucose transporter proteins. Five such 
membrane-spanning transporters (GLUT1-5) are recog- 
nized to date (Table 14.2), and their protein and DNA 
sequences have been established, These transporters allow 
uptake of glucose into cells from the interstitial fluid into 
which glucose diffuses from the bloodstream. Different 
tissues possess different mixtures of glucose transporters 
which confer upon each tissue different characteristics 
of glucose uptake. GLUTI and GLUT3 transporters are 
present on the cell surface at all times. In contrast, 
GLUT4 transporters are stored in the cell cytoplasm 
when insulin is not present. GLUT4 responds to insulin 
by moving from intracellular stores ro the cell membrane, 
thereby increasing transporter number (6-10-fold). Eryth- 
rocytes are insulin non-responsive because they possess 
only GLUTI1. The central nervous system is relauively 
protected from neuroglycopaenia by the low K,, of its 
GLUT3 transporters. Many cells can express a variety of 
different GLUT transporters and the expression of GLUT 
receptors changes with circumstances, e.g. liver cells ex- 
press more GLUT1 and GLUT3 during starvation. 
Tissue glucose uptake via GLUT transporters involves 
facilitated diffusion occurring down a concentration gradi- 
ent, the intracellular concentration of glucose being very 
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low because of its active metabolism by phosphorylating 
enzymes (glucokinases, hexokinases). In resting, post- 
absorptive subjects, approximately 70% of the body's glu- 
cose metabolism occurs in tissues such as the CNS and 
liver, independently of the action of insulin. However, 
these insulin-independent mechanisms cannot maintain 
normoglycaernia for very long without insulin orchestrat- 
ing the response to food and integraung the balance 
between fatty acid/ketone body and glucose metabolism. 

The ability to move glucose against a concentration 
gradient is conferred by Na'-glucose cotransporters which 
are possessed by only a few tissues such as renal rubules 
and intestine. 

In some models of diabetes mellitus, glucose trans- 
porter number is decreased. Increased expression of low 
K,. GLUT1 or GLUT3 transporters has been reported in 
insulinoma cells. The role of genetic variants of glucose 
transporters in diabetes (especially non-insulin-dependent 
diabetes mellitus, NIDDM!) is currently being examined. 


Insulin 
Biosynthesis 


Insulin is a peptide hormone (51 amino acids, molecular 
weight 5807 Da) which is secreted physiologically only 
by the B cells of the islets of Langerhans in the pancreas. 
In the synthesis of insulin, translation of mRNA vields 
preproinsulin, a prohormone which undergoes post-trans- 
lational modification prior to release of the mature insulin 
molecule, Removal of 24 amino acids from preproinsulin 
vields proinsulin with 86 amino acids, Having been syn- 
thesized, proinsulin is stored in secretory granules prior to 
release from the B cell by exocytosis. In healthy subjects 
over 90% of proinsulin is converted to mature insulin by 
the removal of metabolically inert C-peptide component, 
prior to secretion of the granule contents. The other 
products of the post-translational modification are either 
released when exocytosis occurs or are degraded within 
the secretory granules prior to release, C-peptide is 
cosecreted in equimolar amounts with mature insulin, In 


Low K,. (1-2 mmolL) 
High K,, (> 10 mmolL), 
high V 


Low Ke (1-2 mumol/L), 
Low V. (6-7 mmoll.) 
K,, 2-10 mmol/L 


Moves glucose against 
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HUMAN PROINSULIN 





Fig, 14.2 Structure of human proinsulis, howing gites of cleavage to msulin and C-peptide (Luft R (ed) Insulia, 
islet patholégy, islet funcrien, insalin trestment. Gentofte, Denmark: Nordisk Insuimlaboratonum, 1976). 


healthy subiects only small amounts (< 10% of mature 
insuhn output) of proinsulin and partially split proinsulin 
are released. 

Substances stimulating the synthesis and storage of 
insulin include glucose, mannose, leucine and a variety of 
metabohizable sugars or sugar derivatives, Most of these 
also promote secretion. 


Sécrtion and kinetiés 


The mechanisms whereby insulin release 1s triggered are 
the focus of much research, Ît is apparent that there is 
at ATP-dependent, suilphonvlurea sensitive K° channel 
whose closure is a late event in the intracellular signallhng 
mechanism within the $ cell. K° channel closure criggers 
calcium influx and exocytosis, It is not clear how this K° 
channel is activated although a wide range of secreto- 
gogues will stimulate activation of this final common 
pathway, The most important of these is hyperglycaernia 
although mannese, lactate, arginine, leucine and other 
amino acids, glucagon, gastnc inlubitory polypeptide 
(GIP), cholecystokinin, vasoactive intestinal peptide 
(VIP), sulphonvyluress and parasympathetic cholinergic 
{muscarinic) nerve activity also stimulate insulin release. 
Many of these secretogogues have synergistic effects. 
Because of cephalic and gastric influences, oral glucose :s 
a more potent stimulus to insulin secretion than intra- 
venous glucose. Glucose has complex time-dependent ef- 
fects such that previous exposure to hyperglycaemia will 
augment subsequent insulinaermic responses. Sympathetic 
tone or catecholamines inlubit msulin sécrenon. 


In healthy adults, insulin is secreted in pulses with a 
pulse penodicity of 11-15 min. Stimuh of insulin secre- 
tion increase the frequency and amplitude of these pulses. 
Approximateély 30-40 U (240 pmol) of insukin are se- 
creted per 24h in healthy subjects. Insuhin sécretion is 
basal (0,25-1.0 U/h) until glycaemis exceeds a threshold 
level of about 5 mmolL and imsulin output is maximal at 
glvcaemia of 15-20 mmol/L. 

Insulin 15 secreted into the portal vénous system and 
thus must traverse the Hiver prior to reaching the systemic 
circulation. Approximatels half of the insulin 1s cleared in 
the ‘first pass’ through the hiver. Portal venous insulin 
concentrations are known to reach high levels in animals 
and hence the liver is exposed to insulin concentrations 
higher than other tissues when insulin is secreted endo- 
genousiy. Autocrine and paracrine regulation of insulin 
secretion by pancreatic and gut hormones (which may 
reach very high concentrations within the islet) is not 
well understood, Increased secretion of insulin involves 
recruitment of more B cells to the secreting mode. 

Fasang peripheral insulin concentrations vary berween 
20 and 100 pmol/L (& 3-15 mU/L) as measured bv radio- 
inmunoassays in heaithy subjects, the higher values 
being associated with increasing age and obesiry. After a 
tvpical mixed meal {700-800 kcal) the peak plasma insu- 
lin concentration will be 350-580 pmol/L. {= 50-80 mU/ 
L}) in young lean adults. The half-life of insulin injected 
into a peripheral vein is 2-6 min with the hiver clearing 
most of this insulin and smaller amounts being cleared in 
Other tissues having insulin receptors, such as skcletal 
muscie. 
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Abnormaldiies of insulin synthesis and secretion 


There are a number of recognized genetic abnormalities 
of insulin structure involving mutations of the DNA 
code for insulin and hence altered amino acid sequences. 
Some of these are listed in Table 14.3 along with their 
consequences. 

More common abnormalities of insulin secretion in- 
volve loss of the normal pulsatility of insulin release, an 
carly feature in obesity and NIDDM. The progressive 
loss of insulin secretory Capacity in diabetes is discussed 
below. 


Actions of insulin 


Insulin has widespread actions, some of which are listed in 
Table 14.4, Insulin is the dominant hormone regulating 
blood glucose concentration. It should be noted that 
whilst the mechanisms of its glucoregulatory action have 
been the subject of extensive research, much less is known 
about its other actions. 

At present only two receptors have been identified that 
are responsive to insulin: ‘the’ insulin receptor and the 
IGF (insulin-like growth factor) receptor. Ir is apparent 
that there are individual dose-response curves for the dif- 
ferent actions of insulin in different tissues. For example, 
the ED, for insulin’s antilipolytic action on adipose tissue 
is below 140 pmol/L (= 20mU/L) (and may be below 
70 pmol/L), whulst the ED., for the inhibition of hepatic 
glucose output is between 210 and 350 pmol/L (= 30- 
50 mU/L) and the ED, for stimulation of glucose uptake 
into skeletal muscle is between 350 and 490 pmol/L 
(= 50-70 mU/L). 

The major target organs for the regulation of blood glu- 
cose concentration by insulin are liver and skeleral muscle, 
the relative contribution of the two changing with the in- 
sulin concentration. In fasting states it is hepartic glucose 
output (regulated by the ratio of insulin to glucagon) that 
determines the level of glycaemia. In postprandial states, 
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hyperinsulinaernia increases penpheral glucose clearance, 
During hyvpennsulinsemia (of > 350 pmol/L (> 50 mU/L)) 
over 75% of peripheral glucose disposal occurs in skeletal 
muscle where the maority is Cconverted to glycogen. 

The different actions of insulin have different time 
courses, glucoregulatory and antilipolytic occurring within 
a few minutes, whilst growth regulation and actions de- 
pendent upon synthesis ofnew proteins occur over periods 
of hours or days, Intravenous injection of insulin typicaily 
has little effect on blood glucose for 5-10 minutes, the 
maximal hypoglycaemic action occurnng after 5-15 
minutes. Insulin stimulation of skeletal muscle glucose 
uptake declines with a half-life of 10-25 minutes after the 
insulinaëmuc stimulus is removed. 

Proinsulin and partually split promsulins have meta- 
bolic activity generally similar to insulin although plasma 
haif-life 15 4-5 times longer and biological potency is only 
8-15% that of insulhin. It is suggested that proimsulin may 
be relatively potent in terms of hepatic activity and rela- 
tively less potent in terms of peripheral glucose uptake. 


The insulin receptor 


Insulin’s main glucoregulatory effects are mediated by a 
transmembrane receptor found on insulin-sensitive cells. 









This receptor is a glvcoprotein, total molecular weight of 
350 000 Da, compnang four peptide subchains, rwo © 
and two 5 subunits, linked by disulphide bridges and re- 
ferred to às ‘the’ insulin receptor (Fig. 14.3). The DNA 
and amine acid structure of the insulin receptor have been 
characterized and show homology with the IGFI1 receptor 
(see p.264). Within the intracellular domain of the B 
subunit 1s a tyrosine kinase Capabihity which is activated 
when insulin binds with the extracellular domain of the & 
subunits. The tyrosine kinase promotes autophosphory- 
lation of the receptor followed by activation of threonine 
and serine kinases. 

Rare DNA mutations of the insulin receptor have been 
described and result in severe glucose intolerance with 
resistance to exogenous imsulin (p. 270). 


Second messengers mediating the effects of insulin 


Insulin can have multiple actions even on a single respon- 
aive cell and hence there are probably several different 
intracelluiar pathways mediaring these actions. Gluco- 
régulatory and antilipolytic responses are rapid and prob- 
ably mediated via serine and threonine kinases and CAMP. 
Sumulatnon of hpid and protein synthesis, mbibinon of 
proteolysis, the nuclear transcnption of RNA and the 
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Fig. 14.3 Schematic representation of he heterotetramenc structure of insulm 
receptor, On the left side is the normal transmembrane structure with some of its main 
landmarks. The & chain contains the msulin-binding region, Thé mtracellular domain 
of the B chain includes the tyrosine kinase part of the receptor. On thé right are shown 
sites of some mutations reported to cause imeulin resistance (LDavtor R. Insulin acnon. 
Clinical Endocrinologys 1991: 34: 159 71} 


replication of DNA are slower and have different second 
messenger systems. 

Activation of the insulin receptor tyrosine kinase leads 
to autophosphorylation and thence to a cascade of intra- 
cellular events involving à variety of second messenger 
systems including serine and threonine autophosphory- 
lation and cAMP, Ir is considered that intracellular ion 
concentration and cyclic nucleotides cannot alone explain 
all insulin’s glucoregulatory actions, so second messenger 
systems such as diacviglycerol, protein kinase C and 
glycosyl-phosphatidylinositol are under investigation. As 
a result of these second messenger cascades, glucose 
transporter proteins are transiocated within che cell to 
the surface membrane to increase glucose flux into the 
cytoplasm. 

After activation, the insulin-receptor complex is inter- 
nalized by an endocytotic process. The receptor is later 
recycled to the cell surface. The internalization of the 
insulin is important (and possibly essential) for insulin 
signals to reach the nucleus and influence cell growth and 
protein synthesis. Internalization is an important route 
by which insulin is cleared from the circulation and 
degraded, 

It has been suggested that genetic abnormalities of 
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insulin receptors underlie the insulin resistance seen in 
some forms of diabetes mellitus. Insulin receptor muta- 
tions may be the prime aetiological factor in a few (< 5%) 
cases of NIDDM. Other genetic variants of the insulin 
receptor have been described in association with severe 
developmental and growth problems rather than the 
commoner forms of diabetes mellitus. 

The actions of insulin in stimulating DNA transcrip- 
on and in stimulating mRNA translation do not depend 
upon the plasma membrane insulin receptor kinase activ- 
ity and the second messenger systems discussed above, 
nor on the IGF receptors described below, but rather 
involve direct effects within the nucleus and ribosome. 


Insulin-like growth factors and receptors 


In addition to its acute effects on glucose uptake and 
release and on lipid metabolism, insulin can be shown 
to have growth-promoting activity in a variety of tissue 
culture models, At least rwo protein hormones, IGF1 and 
IGF2 (insulin-like growth factors 1 and 2}, have actions 
which partially resemble these actions of insulin. The 
amino acid sequences of these proteins and the base se- 
quence of their coding DNA are known and show some 
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homology with those of insulin. IGFSs are weak agonists 
for the insulin receptor and hence have weak gluco- 
regulatory and antilipolytic effects. In addition they have 
growth promoting effects mediated by two IGF receptors. 
Insulin is a weak agonist of IGF receptors. 

The physiological role of IGFSs is not yet fully estab- 
lished. It is suggested that they act as somatomedins (they 
were previously called somatomedin À and C, terms no 
longer recommended), in that they are induced by growth 
hormone and mediate its growth promoting effects in chil- 
dren. In adults they are believed to promote the growth of 
continually dividing tissues such as osteoblasts, chondro- 
cytes, fibroblasts and erythroid cells. Tumour-related 
hypoglycaemia may be due to excess production of IGFs, 
although circulating levels are rarely raised, No therapeu- 
uc role for IGFSs has yet been established, Local and sys- 
temic concentrations of IGFSs are modulated by a range 
of binding proteins. 


DIABETES MELLITUS 


Diabetes is the most common metabolic disorder, with 
5-10% of Western populations aged over 40 years devel- 
oping the condition at some time in their life, Population 
screening programmes typically reveal that onjy half of the 
subjects found to have non-insulin-dependent diabetes 
mellitus (NIDDM) had previously been diagnosed. 


The World Health Organization (WHO) definition of dia- 
betes mellitus has been in use since 1979, The WHO cri- 
teria for diagnosis are shown in Table 14.5. WHO criteria 
only consider fasting and 120 min values in the oral glu- 
cose tolerance test (OGTT). Intermediate time points are 
used for diagnosis by the National Diabetes Data Group 
(NDDG) criteria. The reproducibiliry of the OGTT leaves 
much to be desired (the CV of 120 min plasma glucose 
concentrations is reported to be up to 50%). If a subject 
fulfils WHO criteria for diabetes, subsequent improve- 
ment of glucose tolerance may occur (for example, as a 
result of weight loss or spontaneously), but such individu- 
als are considered to have a lifelong tendency to diabetes. 


Several classifications of diabetes have been proposed. 
The most widely used is that of the WHO/NDDG shown 
in Table 14.6, It should be recognized that unanimity in 
nomenclature has yet to be achieved, especially in the ar- 
cas of gestational diabetes, diabetes related to pancreatitis 
and tropical/malnutrition-related diabetes. 


Insulin-dependent diabetes mellitus (1DDM) 
Approximately 5-10% of ali diabetics have the insulin- 
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dependent form and these patients require more medical 
attention than the non-insulin-dependent patients. Insu- 
lin-dependent diabetes 15 characterized by a severe insulin 
deficiency state consequent upon B cell destruction. The 
degree of insulin deficiency is so severe that these patients 
require exogenous insulin therapy to avoid slipping into 
ketoacidosis. Dietary measures cannot prevent this prob- 
ler, although they may delay its onset. Withdrawal of 
exogenous insulin therapy in these patients usually results 
in ketoacidosis within 48 h. 

The severity of the condition is such that all patients 
with IDDM rapidiy come to medical attention. 


Aeniology 


Typically IDDM results from an autoimmune attack 
upon the pancreatic f cells. It is not understood what 
factors may trigger the attack. The attack is marked by 
systermic indices of the autoimmune process such as circu- 
lating islet cell autoantibodies (which when in high titre 
may be complement-fixing) and changes in circulating T 
and B lymphocvyte subsets. The process of B cell destruc- 
tion usually takes many months and occurs in cycles of 
deterioration and remission. The acute presentation of 
IDDM usually occurs during an acute dererioration of 
celi function, the disorder frequentiy being unmasked by 


an intercurrent iliness. After the patient recovers from the 
intercurrent iliness, adopts a suitable diet and is treated 
with exogenous insulin, there is usually a temporary pe- 
riod of improved $ cell function. This is known clinically 
as the ‘honeymoon period’ during which glycaemic con- 
trol may be relatively easily maintained. The honeymoon 
period typically lasts 6, but occasionally up ro 24 months, 
and B cell function may be misleadingly good during this 
period. 

Subsequentiy in patients with IDDM, insulin and C- 
peptide secretion are almost completely lost (maximal 
C-peptide response <0.5 ug/L.); however, the degree of 
residual B cell capability may determine the ease with 
which good glycaemic control can be achieved with exo- 
genous insulin therapy. 

Although B cell destruction is the cause of IDDMA, sec- 
ondary metabolic defects occur, including resistance to 
exogenous insulin, although this is more commonly seen 
in NIDDM. 


Genetic susceptibility 


Much work has demonstratred that certain genetic markers 
are associated with a high prevalence of IDDM. Most 
of these genetic markers are found on chromosome 6, in 
genes related to histocompatibility linked antigens (HLA). 
Some of the associations are listed in Table 14.7, Most 
IDDM associated with HLA-DR4 presents in childhood 
whilst that associated with HLA-DR3 has a more variable 
age of onset. 


Non-insulin-dependent diabetes mellitus (NIDDM) 


NIDDM is the commeonest form of diabetes mellitus in 
Western societies. It is often considered a diagnosis of 
exclusion. 


Heterogeneity of NIDDM 


NIDDM is probably not a single condition, Some late 
onset diabetes initially presumed to be NIDDM will turn 


HLA-DR3 
HLA-DR4 
HLA-B8, B15 & BIS 


| HLA-DOQRA 
Insulin gene 
T cell receptor 
lg heavy chain 





DIABETES MELLITUS 265 


out to be IDDM. In all NIDDM patients there is both 
insulin resistance and relative insulin deficiency. With 
time (over perhaps 10-15 years from diagnosis) glycaemic 
control in NIDDM patients usually becomes more diff- 
cuit and insulin deficiency more apparent. The typical 
NIDDM patient will be overweight (average BMI (body 
mass index) at presentation, > 27 kg/m*). Perhaps 80% of 
all diabetes is NIDDM occurring in obese subjects. 
Leaner patients with NIDDM tend to show more severe 
insulin deficiency. Greater degrees of obesity are associ- 
ated with more insulin resistance. Ît is not clear whether 
these two ends of the spectrum represent two separate 
actiologies or merely variations of one condition. Popula- 
tion studies indicate that the concurrent existence in an 
individual of both a cause for insulin resistance (usually 
obesity) and of a relatively low insulin secretory reserve 
predicts the later onset of NIDDM. The differentiation 
of idiopathic NIDDM and ‘secondary’ diabetes can be 
difficult. 


Generic factors in NIDDM 


Family studies suggest that NIDDM is strongly inherit- 
able, Concordance rates for identical twins are reported 
to exceed 90%. Some racial groups have very high 
incidences of NIDDM. Notable examples of this include 
the Pima Indians of Arizona and South Sea Islanders with 
prevalence rates of up to 50%. In the UK the prevalence 
of NIDDM amongst those of Asian extraction is perhaps 
two or three times that amongst people of Europid origin. 
Afro-Caribbeans show an intermediate prevalence. The 
natural history of NIDDM and its propensity to give rise 
to long-term complications varies between races. 

In the majority of patients with NIDDM the pattern of 
inheritance suggests a polygenic disorder, with an impor- 
tant role for environmental factors such as obesity and a 
low level of exercise, 

Molecular biological techniques have not yet shown 
NIDDM to be consistently associated with any abnor- 
malities of the DNA coding of insulin, the insulin receptor 
or glucose transporter peptides (except in a small percent- 
age (<5%) of cases), Abnormalities of the glucokinase 
gene have been shown to cause some cases of MODY (see 
p. 268), but not typical NIDDM. 


Associations of NIDDM 


In Western populations, NIDDM usually forms part of a 
syndrome of morphological abnormalities, metabolic ab- 
normalities and associated conditions. Some of these asso- 
ciations are referred to as hyperinsulinaemia syndrome 
(also known as Reaven’s syndrome and syndrome X, see 
p. 268) and in population studies are found to cosegregate 
both in patients with NIDDM and in those with lesser 
degrees of glucose intolerance. 
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The morphological associations of NIDDM include 
shorter stature (by 1—4 em compared to non-diabetic-sub- 
jects) with obesity of the ‘android' (also known as ‘apple’, 
‘upper body’ or ‘central"i type marked by a high waist:hup 
ratio, low Capillary density in skeletal muscle with high 
ratios of slow cwitch to fast ewitch muscle fibres, The 
metabolic features include fasting hypernnsulinaemia, 
hypergivcaemia, dyslipidaemia and high circulating con- 
centrations of lactate, pyruvate and glucogenic amine 
acids. Further associations of NIDDIM include hyper- 
tension, hyperuncaemua, high plasma androgén'cestrogen 
ratios and accelerated atherosclérosis. 


Crlucoregulatory defects in NIDDM 


The cause(s) of NIDDM is (are) unknown. Hyperglycae- 
mia is due to elevated hepatic glucose output and (ro a 
lesser extent) failure of skeletal muscle to take up glucose 
and store it as glycogen. Although many factors are be- 
heved to contribute to these two defects, the contnbutory 
factors can be broadly categorized into threc groups: 
cell deficiency, insulin resistance and abnormalties of 
non-insulin mediated glucose disposal. 

Pancreatic B cell deficiency in NIDDM The im- 
portance of 5 cell deficiency varies in different groups and 
different individual cases of NIDDM. In all patients with 
NIDDM there are abnormalities af insulin secrenon, but 
the cause(s) of these defects is (are) not vet established. 
Nor is it vet determined whether an abnormality of insuhin 
secretion is usually the primary aetiological defect in 
NIDDM and whether other glucoregulatory defects are 
secondary to a pancreatic defect. Several workers have 
suggested that 5 cell dysfunction is the prime abnormahty 
of NIDDM, but che fi cell dysfunction may be more 
subtle than that seen in IDDM. 

Insulin deficiency has been described in NIDDM, bur 
may sometimes be due to musclassifving a laté onset 
IDDM patient, Some NIDDM patients can show insulin- 
opaenta and hyperinsulinaemia (relative to normal weight 
controls) at different times during a single day. Some, es- 
pecially obese subjects with mild glucose intolerance, may 
have hyperinsulinaemia throughout the whole 24 h. Other 
patents, usually those who are less obese, resemble pa- 
tients with late onset IDDM and have absolute insulin 
deficiency throughout, Thé accurate differentiation of 
insulin-deficient NIDDM from late onset TDDM often 
has few implications for the clinical management of indi- 
vidual patients. 

NIDDM patients most frequently show hyperninsulin- 
aemia during fasting combined with reduced B cell re- 
serve, relative to healthy subjects. The time course of 
insulin secretion in NIDDM is abnormal; NIDDM sub- 
jects typically show relative insulin deficiency during both 
the early phase of insulin secretion after an oral glucose 
load or meal and the first-phase insulin response to an 


intravenous glucose load. This loss of early insulin re- 
sponse to glucose 1s paralleled by defects in the pulsarility 
of insulin secretion. 

Assuming insulin clearance to be normal in such 
(hyperglycaemic) NIDDM patients, hyperinsulinaemia 
inplies hypéersecretion of immunoreactive insulin com- 
pared to healthy (euglycaemic) subjects, However, the B 
cell secretion of insulin is dependent on the prevailing 
blood glucose concentration as well as several other 
factors. Thus the level 6f insulinaemia can be considered 
as a reflection of B cell function only 1f it is considered in 
relation to the blood glucose concentration. The hypergly- 
caemic drive to the islets may compensaté or even over- 
compensate for B cell dysfunction producing near-normal 
or supranormal levels of insulinaemia. Since 16989 à 
has become clear that conventional radioimmunoassays 
(RIAs) for insulin fail to distinguish mature insulin from 
proinsulin and partially split proinsulins, Since the precur- 
sor molecules have much less biological activity than 
mature imsulin, conventional RIÂs have probably been 
overestimating the degree of insulinaemma typically found 
in NIDDM. However, even modern specific assays con- 
firm hypérinsulinaentia in obese NIDDM parients with 
mulder degrees of hyperglycaemia. 

Às the vears pass, even those NIDDM patients who 
were hyperinsulinaermic at diagnosis usually become insu- 
lin deficient. This group of patients and those insulin- 
deficient from diagnosis often need exogenous insulin 
treatment to maimntain near-normal glycaemua, The patients 
may then be termed ‘msulhin-treated" or ‘insulin-requiring 
but it should be recogmized chat such insulin-treated pa- 
tients form a heterogencous group, very different in char- 
acter from IDDM although perhaps including many late 
onséet IDDM patients. 

Amvylin Amylm (also known as islet amyloid poly- 
peptide, LAPP) is a 39 amino acid peptide cosecreted with 
insulin by B cells in all subjects with intact insulin secre- 
uon (but not IDDM patients}. The amino acid structure 
has some homology with calcitonin gene-related peptide. 
Plasma concentrations of amvylin are very low (< 107 
molar) in all groups. There is no established physiological 
role for the peptide in the svstemic circulation. It has been 
suggested that amylin may have a physiological role in the 
regulation of insulin secretion within the islet or some 
effects on bone metabolism, Pathophysiological roles for 
amylin include the suggestion that it induces insulin re- 
sistance in skeletal muscle, but this only occurs at phar- 
macologcal concentrations, Amvlin fibrils (with tvpical 
amylond features of secondary protein structure and in- 
solubility) are déposited in islet cells in conditions of 
excess insulin secrenon (such as insulinoma) and in situa- 
uons where insulin secretion may have initially been in- 
creased but has subsequently declined (such as old age 
and NIDDAU. The possible role of armyhin in the islet 
damage of NIDDM is under intensive imvestigarion. 


Insulin resistance in NIDDM In 1970, Berson & 
Valow defined insulin resistance as ‘a state in which 
greater than normal amounts of insulin are required to 
chicit a quantitatively normal response’. The concept of 
insulin resistance had ansen in the 1930s when Himsworth 
noted that the same amount of exogenous insulin injected 
into different diabetic subjects had different antihyper- 
glvcaernic effects. Those with lesser antihyperglycaemic 
responses were labelled insulin-insensinve (or insulin-re- 
sistant)., When earlv assays showed chat many NIDDM 
patients had mgh levels of circulating insulin as detected 
by radioimmunoassay, the concept of insulin resistance 
was reinforced, These NIDDM patents were hypergly- 
caemic, hence they were relatively insulin-deficient, They 
actually appeared to have more immunoreactive insulin 
than other people so that their true ‘insulin réquirement” 
was believed to be larger sull, Hyperinsulinaemia with eu- 
or hyperglycaemma 15 generally taken to indicate imsulin 
résistance, since hyperinsulinaemia produces hypagly- 
caermia in subjects with normal insulin sensitivity. The 
NIDDM patients who apparentiv needed supranormal 
amounts Of insulin were seen to be the same group that 
Himsworth had found to be insuhn-resistant. 

Às insulin has several actions, resistance to insulin ac- 
tion may take several forms. Ît appears that some subjects 
show resistance to hepatic effects whilst some show resist- 
ance to skeletal muscle effects (activation of muscle glyco- 
gen synthase by insulin is often defective) and some show 
resistance to lhiporegulatory effects, the degree of resist- 
ance being different for different actions of insulin. There 
is no consensus as 10 the cellular mechanisms underlying 
insulin resistance in most patients with NIDDM, but sug- 
gestions include reduced numbers of insulin receptors, re- 
duced receptor function, dysfunction of second messenger 
systems and intracellular antagonists of insulin effects. 

Non-insulin mediated glucose disposal in NIDDM 
Âs discussed above, most glucose clearance occurs inde- 
pendentiy of insulin, This insulin-independent glucose 
clearance is defective in NIDDM and contributes to the 
hyperglycacrua. High circulating concentrations of alter- 
native fuels such as trigiycerides, NEFA, lactate and kerone 
bodies compete with glucose for uptake and, in their pres- 
ence, glucose clearance will be reduced, an effect known 
as the Randie mechanism, Changes in tissue blood flow in 
diabetes may also reduce clearance of plasma glucose, 


Inrérrelationships betiveen glucoregulatery defects ir NIDDM 


The metabolic picture of NIDDM is complicated; hyper- 
insulinaemia can lead to insulin resistance and hypergly- 
caemia can lead to both B cell dysfunction and insulin 
resistance. Conversely insulin resistance may initiaily 
cause a hypersecretion of insulin and it is thought that this 
prolonged hyperstuimulation of thé pancreas may eventu- 
ally ‘exhaust” the B cells and lead to insulin deficiencv. 
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Thus a major unresolved controversy of NIDDM re- 
mains whether for the typical type of Euronmid NIDDM 
the prime defect in glucose homocostasis is insulin defi- 
ciency or insulin resistance or both, A consensus view 
mught be that there ts a spectrum 6f insulin resistance 
within the general population. There is also a spectrum of 
B cell function within the population. In all subjects, f cell 
function déclines with age. When the f cell funcrion 
reaches a certain threshold (perhaps 20-30%% of normal), 
frank diabetes supervenes. Those subjects with either a 
cell defect (either poor function from childhood or more 
rapid than usual decline with age) or with insulin resist- 
ance, but in fact usually with both, make up the typical 
NIDDM population. 


Svndrome X and obesity 


Many of the associated features of NIDDM may be found 
to cosegregate in members of a population even if affected 
subjects are not diabeuic. Subjects with glucose intoler- 
ance (NIDDM or IGT), fasting hyperinsulinaermia, hyper- 
triglyceridaemia (mainly VLDL-triglycenide), low HDL 
cholestérol and hypertension are said to have syndrome X 
and have an increased predisposition to atherosclerosis. 
There is no current consensus on how many features, or 
the cut-off points for the presence or absence of these 
features, are required before an individual is labelled as 
having syndrome X, Some features are not measured rou- 
tinely in clinical practice and the label has no especial 
implications for climcal management, Some workers spe- 
cifically exclude obese subjects from this syndrome but 
thére are many features in common berween slim subiects 
with syndrome X and those who are obese, 

Insulin resistance is a prominent feature of obesiry, 
especially of the android type, even in the absence of 
NIDDM. Obesity powerfully identifies individuals within 
the population at greatest nsk of NIDDM. Compensa- 
tory hyperinsulinaemia is marked in obesity and the 
dyshpidsermia and hypertension associated with obesity 
may result from thé abnormalities of imsulin kinetics and 
dynamics. 


(restational diabetes 


The study of diabetes occurring in association with 
pregnancy has been characterized (and hampered) by the 
local adoption of many different éniteria for the diagnosis 
of such gestational diabetes, coupled with different rec- 
ommendations for screening. Such local diversity is prob- 
ably a consequence of different levels of provision of care 
for pregnant women. 

Grestational diabetes 15 defined by Lowy as glucose 
intolerance which presents in pregnancy. The reported in- 
cidence varies cnormously between populations, not least 
because of local differences in screening procedures and 
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definition. The American Diabetes Association (ADA) 
recommendations for screening and diagnosis of diabetes 
during pregnancy are shown in Table 14.8, 

Glycaemic control during pregnancy should be strictly 
opumized so as to reduce the rsks of increased fetal 
mortality and morbidity, In IDDM patients attempting to 
conceive, similarly strict glycaemic control is believed to 
reduce the incidence of congenital malformations. Local 
criteria for glycaemic control targets vary but most would 
agree that, at the least, all overnight fasting and pre- 
prandial blood glucose concentrations should be below 
7 mmol/L during pregnancy. 

Gestational diabetes or delivery of a large-for-dates 
or macrosomic baby is strongly predictive of subsequent 
NIDDM and many recommend screening such women 
for NIDDM periodically after dehivery. 


Mason/MODY type diabetes 


Family studies have revealed a range of variants of diabe- 
tes, most of these are variants of NIDDM. One of the 
most studied are NIDDM subtypes known as Mason 
(after a propositus) or MODY (maturity onset diabetes 
of vouth). These variants are characterized by onset of 
NIDDM in late teenage or early twenties. Clinical fea- 
tures include slow progression to insulin requirement and 
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a réputation for relative lack of tissue damage in some 
families, Several molecular biological abnormalities of 
insulin receptors have recently been identified for these 
variants, but are different in different family trees, In 
other families, glucokinase gene abnormalities have been 
implicated. 

Other workers have described families in which the 
severity of the diabetes appears to vary bimodally giving 
the impression of a single gene disorder, Family members 
with mild diabetes are considered to have a heterozygous 
genotype. Family members with more severe glucose in- 
tolerance or earlier age of onset are postulated to have a 
homozygous disorder. 


Secondary diabetes 


There are several other diseases which may cause diabetes 
or glucose intolérance. Most of these are readily diag- 
nosed, perhaps with haemochromatosis and chronic pan- 
creatitis as the least readily apparent. Clinical concern is 
raised frequently about Cushing’'s syndrome when an 
obese subject presents with glucose intolerance. Pseudo- 
Cushing's syndrome, either idiopathic or related to 
alcohol excess, is a more common associate. 


Tropical/mainumtion-related diabetes 


Malnutrition-related diabetes is a major form of second- 
ary diabetes in the tropical developing countries. Two 
subtypes occur, fibrocalcific pancreatic diabetes (FCPD) 
and protein-deficient pancreatic diabetes (PDPD, also 
known as J-type). FCPD has typical clinical features, pan- 
creatic calcification being characteristic. PDPD is less 
clearly defined, The aetiologies of the two forms are not 
established, 


Alcohol-related/pancreatitic 


Chronic pancreatitis accounts for less than 1% of all dia- 
betes in Western societies, Alcohol is the usual cause. 
Most patients give a history of long-term (> 5 year) exces- 
sive alcohol consumption with recurrent episodes of mild 
abdominal pain. Hospitalization due to these episodes of 
pancreatitis is unusual. There may or may not be pancre- 
atic calcification, but sclerosis of islets occurs. Insulin 
sécrétion is reduced, causing diabetes, but patients are 
highly sensitive to exogenous insulin therapy (perhaps 
because glucagon secretion is also reduced). Alcohol may 
also induce severe exocrine pancreatic failure and conse- 
quent steatorrhoen. 

Acute pancreatitis is associated with glucose intoler- 
ance consequent upon reduced insulin secretion and the 
insulin resistance of systemic illness. Acute haemorrhagic 
pancreatitis occasionally produces such damage to the 
pancreas that permanent diabetes mellitus results. 


Müld {subclinical) abnormalities of exocrine pancreatic 
function and reductions in pancreatic lipase and immuno- 
reactive trypsin are seen in 20-70% of diabetic patients. 
The cause for these abnormalities 15 not established 
although the pancréas is smaller in diabetes (especiaily 
IDDM). Changes in insulbn secretion, glucagon secretion 
and autonomic neural funcuon may also play a role in 
exocrinc pancreatic dysfunction. 


Hacmochromatoss 


Iron storage disease, whether due to famulial defects 
or excessive iron intake, resuits in liver damage which 
may progress to cirrhosis (see Ch. 13) and also to $ cell 
damage, as well as damage to other endocrine and non- 
endocrine tissucs (eg. cardiac muscle, gonads). Diabetes 
is a common result of such problems. Glucose tolerance 
improves with treatment of the iron overload but the 
more severe the damage, the less the prospect af recovery 
with treatment. Scréening diabetic climie populations typi- 
cally reveals 0.1-0.5% of NIDDM 10 be associated with 
undiagnosed iron storage disorders. 


Cechac disease 


Diabetes is statistically associated with cochat disease 
and both are related to HLA-DR4. The combined dietetic 
requirements of the two conditions may be onerous for 
patients. The diarrhoea of unrecogmized coeliac disease 
may be mistaken for diabetic diarrhoea. 


Endocrine disorders 


In many of the conditions listed below, insulin resistance 
occurs but, in most subjects, cell reserve 1s sufficient 
to produce compensatory hyperinsulinaemia so that, 
although there is mild glucose intolerance, full-blown dia- 
betes mellitus is unusual. The unrecognized development 
of an endocrine condition in a known diabetic patient may 
present as worsening glycaemic control or recurrent keto- 
acidosis, Ît is more common for concurrent endocrine 
disease to exacerbate or unmask pre-existing glucose in- 
tolerance rather than for it to be the sole cause of diabetes. 

Polycystic ovary syndrome is a commen condition 
associated with obesity, insulin resistance and glucose in- 
tolérance or NIDDM (see below and Ch. 21). Although 
the aetiology of polvcystic ovary syndrome is uncertain, 
obesity and imsulin resistance are usual features and it is 
a frequent cause of secondary diabetes. 

Active thvrotoxicosis 1s associated with glucose intoler- 
ance in 30-50% of patients, but this rarely extends to 
frank diabetes, The mechanism causing this may vary be- 
tween different patients. Hepatic glucose production will 
be increased, Increascd gastrointestinal motility may exag- 
gerate postprandial byperglycaemia. Insuhin clearance is 
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increased. B-Adrenoreceptor hypersensinivity may mediate 
the elevated non-estenfed fatty acid levels of hyper- 
thyroidism. 30% of subjects with successfulls treated 
thyroroxicosis will be found to have established glucose 
intolérance 12 vears after diagnosis. 

The increased incidence of impaired glucose tolerance 
in patients with hypothyroidism is well established al- 
though the mechanism for this is uncertain. 

Hyperprolactinaemia causes insulin resistance and glu- 
cose intolerance which is reversed by treating the primary 
condition and symptornatic diabetes is rare. 

The hypercortisolaemua of Cushing's syndrome, what- 
èver the cause, results in increased hepatic gluconeogen- 
ésis and hepatic glucose output whilst skeletal muscle 
becomes insulin-resistant. CGrlucacorticoids increase lipo- 
lysis and protein catabolism, increasing the circulanng 
concentrations Of alternative fuels and reducing glucose 
clearance (see p.257). Glucose intolerance is found in 
80-90% of patients with Cushing's and frank diabetes in 
15-20%0, Treatment with glucocorticoids is a common 
diabetogenic event, 

Conn's syndrome was originally described as including 
glucose intolerance. However, this is usually milä and 
only a small minority of patients have even moderate 
glucose intolerance, The prime defect 1s thought to be 
impaired insulin secretion consequent upon severe 
potassium depletion. 

Growth hormone is a counter-regulatory hormone, 
Acromegaly commonly causes glucose intolerance (60- 
70% of cases) and even symptomatic diabetes (6-25%), 
Successful treatment of acromegaly usually improves 
glucose tolerance. Isolated growth hormone deficiency- 
induced dwarfism is also associated with glucose intoler- 
ance and insulin deficiency, Diabetic microvascular 
disease is rare in this group. 

Phaeochromocytoma is associated with multiple abnor- 
malities of glucoregulation, adrenaline having a greater 
hyperglycaemic effect than noradrensaline. Catechol- 
ammunes sumulate hepanc glycogenolvsis, hepatic glucose 
output and inhibit insulin secretion via c-receptors, Ê- 
Receptor eflects include promotion of adipose tissue 
hpolysis, increased skeletal muscle glvcogenolvsis and 
reduced skeletal muscle glucose uptake. Both &- and 
B-receptors augment glucagon secretion. Improvement of 
glucose tolerance occurs within a few weécks of successful 
surgical resection. 

Hypercalcaemia and hypophosphataermma, as seen in 
primary hyperparathyroidism, reduce peripheral insulin 
sensitivity and are associated with hyperinsulinaeria 
although glucose tolerance is rarely impaired, 

Gastromtestinal endocrine tumours of several sorts 
are associated with glucose intolerance. Glucose intoler- 
ance 15 a cardinal feature in panuents with glucagonomas. 
Zollinger-Ellison  (gastrinoma) syndrome, Verner- 
Mormson or WDHA (satery diarrhoea, Aypokalaemia, 
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achlorhydria, or VIPoma) syndrome, carcinoid syndrome, 
POEMS (polyneuropathy, erganomegaly, endocrinopathy, 
monoclonal gammopathy, skin changes) syndrome and 
somatostatinoma all have glucose intolerance as a fre- 
quent, and often florid, feature. 


latrogemic diabetes 


Treatment with steroids is the most common form of 
iatrogenic diabetes. Thiazides frequently worsen glucose 
tolerance, their effects being most important in diabetic 
patents. Syvmpathomimetic drugs and carbenoxolone 
worsen glucose tolerance but the effect is usually mild. 
Pancreatic surgery is a rare cause of diabetes. 


Rare conditions associated with glucose intolerance 


Several congenital conditions with varying degrees of im- 
pairment of glucose intolerance are listed in Table 14,9. 
In most of these conditions, the diabetes is not the most 
pressing Chnical problem. 


Conditions associated with severe insulin resistance 


Most of the endocrine causes of glucose intolerance are 
the result of circulating insulin antagonists causing insulin 
resistance. À variety of other medical conditions, although 
rare, may be associated with severe resistance to insulin. 
Acanthosis nigricans is characterized by the presence 
of velvety brown hyperkeratotic lesions in the axillae and 
groins, There is a well-recognized association with malig- 
nancy. Acanthosis nigricans not associated with malig- 
nancy may be classified into two groups, both associated 


Skeletal, gonadal (infertility) 
Skeleral, gonadal (infertility) 


Metabolic, renal, vascular, hepatic 


Hepatic/ nItyopa thic 





with insulin resistance and obesity. Type A is a variant 
of polycystic ovarian syndrome where the skin changes 
are marked. Hirsutism, polycystic ovaries, mild virilism, 
coarse features and early accelerated growth also occur. 
The causes of the insulin resistance in this group have not 
vet been determined and may be heterogeneous, with re- 
ductions in insulin binding, receptor number and receptor 
kinase activity, and postreceptor defects each reported in 
somé patients. Patients with Type B acanthosis nigricans 
tend to be older and are usually female. They have 
markers of autoimmune disease such as hypergamma- 
globulinaemia, proteinuria, hypocomplementaemic neph- 
ritis, leukopaenia, arthralgia, alopecia, enlarged salivary 
glands and positive antinuclear and anti-DNA antibodies. 
It can be shown that they have reduced insulin binding to 
monocytes in vitro and thus 1s due to an autoantibody 
against the insulin receptor. Ataxia telangiectasia may 
show some overlap with the features of Type B acanthosis 
nigricans. 

Leprechaunism 1s a rare congenital condition with 
typical facies, lipodystrophy, cliteromegaly, hirsutism and 
acanthosis nigricans. It is usually fatal. Affected children 
are severely resistant to exogenous insulin, They produce 
large amounts of normal endogenous insulin. Several 
cellular defects have been described which give the pheno- 
type of leprechaunism, Most patients have defective ki- 
nase activity of the insulin receptor, although some show 
defective insulin receptor formation and others are unable 
to recycle insulin receptors back to the membrane after 
insulin binding. 

The common features of acanthosis nigricans and viri- 
lism are postulated to be due to high insulin concentra- 
tions in these patients stimulating IGF receptors. 

Lipodystrophy occurs in local and generalized forms 
but is usually famulial. There are several associations 
but these are not always present, with different families 
showing different syndromes. Acanthosis nigricans, hepa- 
tosplenomegaly, nephritis and hyperlipoproteinaermia are 
all reported, Likewise the cellular defect varies, with some 
families having reduced insulin binding and some reduced 
receptor numbers. 


Anti-insulin antibodies 


À previously common form of insulin resistance was due 
to the induction of anti-insulin antibodies (also known as 
insulin antibodies) by the use of exogenous pork or beef 
insulins. Treatment with human insulin ab mitio results in 
very few (if any) cases of such iatrogenic antibodies. Anti- 
insulin antibodies bind exogenous insulin, reducing its 
plasma concentration and action. Clinically, the presence 
of significant anti-insulin antibodies manifests as either a 
high insulin requirement for the achievement of glycaemic 
control or with altered insulin kinetics (usually delayed 
insulin action). The antibodies may be detected by a 


vanety of assays. Treatment is usually by conversion to 
human or sulphated animal insulins. 

Insulin-binding autoantibodies are aïso seen as a result 
of autoimmune disease or haematological malignancy and 
may be an indication for steroid therapy, although high 
doses of exogenous insulin may be satisfactory. 


Cirrhosis 


Glucose intolerance occurs in most, and fasting hypergly- 
caemia in 30% of, patients with cirrhosis, unless the latter 
is due to idiopathic haermochromatosis when glucose in- 
tolerance 15 usual. There are muluple glucoregulatory 
defects in cirrhosis including insulin resistance, hvper- 
insulinaemia, impaired insulin clearance, elevated growth 
hormone concentrations and hyperglucagonaemna. 


Endocrine associations with diabetes 


Several endocrine conditions occur with increased fre- 
quency among diabetic populations. Endocrine condi- 
tions which cause secondary diabetes have been discussed 
above. 

Abnormalities of glucagon secretion appear to be a 
consequence of diabetes. In normal subjects, insulin 
inhibits glucagon release and glucagon concentrations 
fall during hyperglycaemia, Hyperglucagonaermia is usual 
in both IDDM and NIDDM and glucagon concentrations 
in chabetic patients are relanvely insensitive to changes in 
glucose concentrations. The mechanisms for this are un- 
known but may relate to dérepression of glucagon release 
by the insulin deficiency of diabetes. 

Some other endocrine disorders show an association 
with diabetes, but the link is shared susceptibility rather 
than cCausal;: these imclude autoimmune Addison's, 
Graves’ and Hashimoto's diseases, 

Thyroid abnormalities are found more commeonly in 
IDDM than NIDDM patients, The incidence of thyro- 
toxicosis is probably above normal in patients with diabe- 
tes. Fhe development of thyrotoxicosis in a patient with 
diabetes may underlie subsequent loss of diaberic control 
and weight loss, The prevalence of primary hypothyroid- 
ism is reported to be 4-17% in IDDM. 


Diabetes, nutrition and growth 


In well-nourished children with well-controlled diabetes, 
skeletal growth is normal and growth milestones âre 
reached at usual ages. Poor glycaermic control is associated 
with elevated growth hormone concentrations but re- 
duced IGEF levels. It is thought that the latter is related to 
the reduced growth velocity seen in uncontrolled diabetes. 

Growth of cmldren imposes dietetic requirements 
which need to be met whilst maintaining the patients on 
an appropriate diabetic diet. 
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As groups, patients who became diabetic as children 
are more upper-bodily obese than their non-diabetic sibs. 
It is not yet clear whether this problem is lessened by 
better glycaemic control, 


LONG-TERM DIABETIC COMPLICATIONS 


IDDM and NIDDM are both associated with several 
forms of long-term complicanions, also known as diabetic 
tissue damage. Diabetic tissue damage includes a range of 
‘microvascular complications" (e.g. retinopathy, nephro- 
pathy), ‘macrovascular complications" (ischaemmic heart 
disease, peripheral vascular disease) and some complica- 
tions that do not fit entirely into either category (e.g. glove 
and stocking peripheral neuropathy, mononeuritis multi- 
plex, cranial neuropathies, entrapmeéent neuropatlues, 
proximal motor neuropathies, autonomic neuropathy, 
various sorts of cataract and diabetic cheiroarthropathy}. 
Diabetic subjects have a reduced life expectancy, for 
several reasons, macrovascular disease bemg the most 
Important. 

The pathogenetic mechanisms mvolved are ill under- 
stood and for even the major forms of diabetic tissue dam- 
age it is not easy to determine the role of ‘purely diabetic’ 
abnormalities (e.g hyperglycaemia per se and hypo- or 
hyperinsulinaemia) as opposed to abnormalities related 
to diabetes (e.g. hypertension or obesity}. Maintenance 
of cugiycaemia will prevent or delay the development of 
some complications, but others are clearly muirifactorial. 
It has been proposed that ‘microvascular" ussue damage 
is the result of hyperglycaemia per se even if accelerated 
by other factors. ‘Macrovascular’ complications are fre- 
quentiv found in epidemiological studies to be associated 
with insulin-resistant states and hyperinsulinaemin and 
their relationship to hypergiyenemia is less clearly estab- 
hshed. Links have been reported betweën insulin resist- 
ance and vascular mortality. 


Macrovascular disease 


The term ‘macrovascular disease’ encompasses those 
diabertic complications mediated via acccierated athero- 
sclerosis occurring in large to medium-sized arteries but 
excluding terminal arteries and arterioies. Although micro- 
vascular disease and some other complications may be 
more characteristic of diabetes, macrovascular disease 
accounts for most of the excess mortality associated with 
the condition. 

À case can be made that diaberic macrovascular disease 
15 related to but not identical with atherosclerosis occur- 
ring in non-disbetic patients. In diabetic macrovascular 
disease, the age of onset is earlier and the ranuo of the 
prevalence of vascular disease in men and women much 
more equal. Differences in the rank order of the strength 
of associations of nsk markers in diabetic and non- 
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chiabertic populations suggest some differences in aenology 
(smoking is the rnain risk factor in non-diabetic popula- 
tons, but hypertension seems relatively more important 
in diabetic groups), Diabetic macrovascular disease has 
some singular clinical features, verging on the pathog- 
normic. For example, there is a strong association with 
medial calcification and a predilection for involvement of 
many distal artenies rather than fewer proximal arterics (a 
pattern which often precludes surgical intervention). The 
well-documented higher mortality race from myocardial 
infarction in diabetes mellitus {compared to non-diabetic 
patients) may be related to the widespread involvement 
of muddle-sized and small arteriés in diabetes. 


Causatite agents 


The causanion of macrovascular disease in diabetes 1s not 
clear. Most of the conventional nsk factors for vascular 
disease in non-diahetics are associated with accelérated 
atheroscierosis in diabetic populations, eg. smoking, 
hypertension, age. However, there 1s evidence that hyper- 
tension in diabetes is distinct from essential hypertension 
(see below). The hpid abnormality most commeonly linked 
with mortality in diabetes may not be high LDL-choles- 
terol, as found in non-diabetics. but rather the combina- 
tion of low HDL-cholesterol and hypertrigycendaernia 
(hyper-VLDL-triglvceridaemia) also seen in the ‘hyper- 
insulinaemia syndrome’ (p. 273), 

Studies of blocd rheology, the glycation and per- 
oxidation of hpoproteins and endogenous thrombotic and 
thrombolytic mechanisms show widespread abnormalinies 
in diabetes. 

The risk of macrovascular disease (whether of the 
“normal or thé ‘diabetic" pattern 1s unclear) is mcreased 
in subiects with IGT as well as those with frank diabetes. 


Microvascular disease 


Microvascular disease means vascular disease occurning 
in the smallest artenes, arterioles and capillaries. Micro- 
vascular disease includes diabetic retinopathy and diabetic 
nephropathy and may contribute to foot problems, car- 
diac dysfunction and some forms of diabetic neuropathy. 
Widespread microvascular disease occurs only in diabetes, 
although a similar picture may be found in patients wich 
haemoglobinopathies and vasculitides, The current WHO 
criteria for diabetes are chosen so as to separate those 
liable to microvascular disease (classified as diabetic} from 
those not 50 at risk {either classified as having IGT or 
normal). 


Metabolic theories of diabetic tissue damage 


In some cells, aldol reductase enzymes can metabolize a 


small proportion of the glucose to the polvol sugar, sorbi- 
tol. Sorbitol accumulation in the lens may cause cataracts. 
Sorbitol accumulation has been demonstrated in biopsies 
from diabetic subjects to occur in the eye, peripheral 
nerves and renal glomeruh. It has been proposed that this 
sorbitol accumulation is a result of a high ambient glucose 
concentration stimulating aldose reductrase enzymes. In 
health, sorbitol is further metabolized to fructose by sorbi- 
tol (polyol) reductase. In diabetes it is suggested that the 
rate of sorbitol formation exceeds its clearance and that 
polvols accumulate in the tissues, Polvol accumulation 
has adverse osmotic effects such as depletion of myoino- 
sitol, potassium and amino acids within the tissue, Aldose 
reductase inhibitor therapy has been tried in an attempt 
to prevent sorbitol accumulation, with some success, 
especially in animal models of diabetes. 

Many proteins undergo non-enzymauc glycation, even 
in healthy sulbrects. These processes usually occur slowiv 
and have few functional consequences for proteins with 
a rapid tumover, But many proteins, especially structural 
proteins, turn over slowly. Glycated proteins may appear 
as periodic acid Schiff (PAS) positive deposits in skin, the 
reuna, glomerular basément membrane and endoneurial 
tissue. Non-enzymatic glvcation of proteins occurs at ac- 
celerated rates in the presence of hypergiycaemia. Non- 
enzymatic glycation reversibly forms Schiff bases which in 
turn may be irreverably converted to Amadon products 
which accumulate as ‘advanced glycation endproducts” 
(AGESs). This mechanism has been proposed as the cause 
of diabetic cheiroarthropathy, the loss of commpliance in 
arteries of long-term diabetics and other diabetic compli- 
cations. There is no simple test for the degree of non- 
enzvimatic glycation and no known therapy for the 
problem, other than séeking long-terrn euglycaetnia. 

The role of abnormal overproduction of free radicals in 
diabetes as a contributors mechanism to diabetic tissue 
damage remains uncertain. 


Orher aspects of diabetic tissue damage 


It has been noted that there are high concordance rates for 
disbeuc complications between twins with diabetes. This 
has suggested tchat inhentable factors may influence the 
development of complications. There 15 some evidence 
that sautoimmune processes contribute to the develop- 
ment of some diahetic complications (e.g. the autonomic 
neuropathv/nts syndrome), 

There is good evidence that growth hormone defi- 
ciency, cither coincidental or therspeutically induced, 
will prevent or reversé the onset of microvascular 
complications. 

The role of recurrent hypoglycaemia in diabetic tissue 
damage, especially neurological damage to CNS and 
autonomic neurons, is currentiy being investigated. 


Metabolic conditions associated with diabetes 
mellitus 


Gout has been a recognized associate of diabetes for over 
200 vears, There is no consensus as to the causé of this 
association but alterations in renal excretion of urate have 
been postulated. 

CGrenerahzed osteopenia 15 associated with diabetes 
mellitus. No specific defect in calcium or phosphate 
metabolism has been identified and the basis of the asso- 
ciation 1s unclear, Of particular importance is local osteo- 
lysis, with loss of boné mineral in the foot, which can be 
difficult to distinguish from osteomyehtis. The imacavity 
induced by diabetic foot ulcers may accelerate the osteo- 
perua, Either local or generalizéd osteopenia may result 
in clevatéd circulating bone alkaline phosphatase. 

Farty change in the liver 15 common with poorly con- 
trolled diabetes and frequentiy causes elevation of liver 
alkaline phosphatase activity in plasma and less frequently 
of other liver enzymes. Liver ultrasound scans will con- 
firm fatty liver in cases of uncertainty, but many clinicians 
prefer to improve glycaemic control and répeat the meas- 
urement. Diabetic dyslipidaemias are discussed below. 

Low concentrations of circulating magnesium have 
been reported during therapy for keroacidosis, Hvypo- 
magnésacmia may be more common in outpatients with 
diabetes mellitus than m non-diabetic subjects. However, 
this suggestion has not been confirmed and there is no 
evidence that plasma magnesium should be checked 
routineiy in patients with diabetes. 

Hyponatraemia may arise through several mechanisms 
in diabetes mellitus. Chlorpropamide and tolbutamide 
therapy (and perhaps other sulphonvylureas) may induce 
the syndrome of inappropriate antidiuretic hormone 
secretion (SIADH) {see Ch. 4). Artefactual hyponatrae- 
mia may arise from the hyperlipidsemia (hypertrigly- 
ceridaemia) of ketoacidosis or poor glycaemic control. 
Compensatory hyponatraemia 1s often seen in poorly con- 
trolled diabetes, as an osmoregulatory response to high 
glucose concéntrauons. 

Diabetic renal damage most commonly presents as 
hypertension or albumanurtia in chic patients under regu- 
lar review. Late presentations include chronic renal fail- 
ure, néphrotic syndrome, nephrogenic diabetes insipidus 
(sometimes associated with papillary necrosis), renal tu- 
bular acidosis (type 4) or toxicity from renally excreted 
drugs. 


Hypertension 


The association between diabetes and hypertension is 
long recognized and strong. The incidence of hyperten- 
sion in obese patients with NIDDM approaches 50% in 
some series, The typical body habitus of patients with 
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NIDDM is associated with hypertension even in non- 
diabetic subiects (see syndrome X, p.267), Although 
disbetic patients are liable to develop the same secondary 
forms of hypertension as the non-diabetic population (and 
renal artery stenosis is commoner in diabetes), most 
diabeuc hypertensive patients have fcatures unlike 
non-diabetic patients with essential hypertension. 

Hypertension in IDDM is strongly linked with diabetic 
neéphropathy. Although it is uncertain whether this 1s 
initially cause or effect, it becomes a vicious circle. There 
appear to be familial effects with non-diabetic relatives 
Of diabetic nephroparhic hypertensive patients showing 
defects in ion transport funcuon (erythrocyte Na'/Li 
countertransport and leukocyte NaH° antiport} and an 
increased ability to develop essential hypertension. 

The hypertension of IDDM is linked with ‘microslbu- 
minuria’ (urinary albumin excretion rates of 30-300 mg 
24h [20-260 1g/min], 1e. values intermediate between 
those scen in healthy subjects and the level detectable with 
conventional stick tests for proteimuria), Patients with 
IDDM and prone to develop nephropathy may have a 
familial predisposition towards essential hypertension. 

Sodium retention and impaired natriuresis are charac- 
teristic findings in both IDDM and NIDDM hyperten- 
sive patients, exchangeable body sodium is increased by 
an average Of 10%, This abnormality is seen even before 
the development of any chimically detectable complica- 
tions of diabetes, Natriuretic therapy normalizes blood 
pressure and exchangeable body sodium content in paral- 
lel, but not all IDDM patients with increased exchange- 
able sodium are hypertensive. Possible sodium-retaining 
mechanisms include hypermsulinaemia-imduced over- 
acuvity of tubular sodium transporters, increased gle- 
merular filtration of glucose leading to enhanced proximal 
tubule sodium-glucosc cotransport, an extravascular shift 
of fluid with sodium and, in later stages, renal impair- 
ment. Plasma renin activity, angiotensin Il, aldosterone 
and catecholamine concentrations are usually normal in 
glycaermcailly controlled IDDM and NIDDM patients. 
On the other hand, plasma atrial natriuretic hormone 
concentrations are usually increased and an exaggerated 
vascular reactivity to noradrenaline and angiotensin II 
is common even in uncomplicated stages of IDDM and 
NIDDM. 


D'iabetic dyslipidaemias 


Pabetes is strongly associated with abnormalities of lipid 
metabolism. Several mechanisms arc postulated for 
these associations, The obesity and body fat distribution 
common in NIDDM is iself linked with dyslipidaemias 
in non-diabetic subjects. Non-enzvmatic glycation of apo- 
proteins in lipoprotein particles impairs the clearance of 
the lipoproteins. Insulin is the principal antilipolytic regu- 
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lator and without its action excess NEFA release from 
adipose tissue will occur. Much of this released NEFA 
will be re-estenfed by the liver to VLDL:triglvceride. 
Peripheral VLDL-triglvceride clearance may be impaired 
because insulin is needed to synthesize and secrète hpo- 
protein lipase (LPL), the principal enzyme responsible for 
cleaning VLDL-triglycenide. Simularly, insulin promotes 
LDL receptor function. 

IDDM with poor glyvcaemic control is commons 
associated with high concentrations of VLDL.-cholesterol, 
LDL-cholesterol and total trigiycerides and sometimes 
with low HDL-cholesterol. The total triglyceride falls 
in response to improved glvcaemic control wlulst the 
abnormalues of VLDL and LDL usually improve. Well- 
controlled IDDM subjects usually achieve plasma lipid 
concéntrations similar to those seen in non-diabetic 
groups; HDL may even be elevated. 

NIDDM is associated with low HDL.-cholesterol, but 
high VLDL-cholesterol and elevared triglyceride concen- 
trauons. Total cholesterol is often normal but HDL:LDL. 
or HDL:total cholesterol ratios are usually low. The com- 
position Gf VLDL changes in NIDDM such thar it con- 
tains more triglvceride and cholesterol ester relative to the 
apoprotein content. The size distribution of LDL changes 
towards there being more small dense LDL particles. 
These abnormalities are atherogenic, Improved glycaemic 
control onky partially improves the lipid abnormalities of 
NIDDM. 


MANAGEMENT OF DIABETES MELLITUS 


All patients with diabetes are treated with dietary mod- 
ificauon. The principles of diet include a reduction in 
simple carbohydrate intake with an increase in complex 
carbohydrates and an energy intake to achieve or mamtain 
an ideal body weight, Parnients with IDDM by definition 
require insulin treatment in addition, Some patients with 
NIDDM are satisfactorily treated with diet alone; others 
require à combination of diet and oral hypoglycaemic 
drugs; a number will eventually come to require insulin. 

Few, if any, panients with diabetes achieve a pattern 
of glycaemia in relation to meals and penods of fasting 
that is identical to that seen in non-diabetics. Paruicularly 
in patients with IDDM, the peaks and troughs of blood 
glucose concentration tend to exceed the extremes seen in 
normal individuals. Regimens involving the injection of a 
short-acting insulin before each meal and a longer acting 
insulin at night, or continuous subcutaneous infusion of 
insulin using a syringe driver, have the potential to achieve 
better control than twice-daily injecnions of a mixture of 
a short and longer acting insulin, but are used by only a 
minonity of patients with IDDML There arc also some 
specific circumstances which may interfere with efforts 
to achieve optimal glycaemic control. 


Obstacles to achieving glycaemic control 
Daron phenomenon 


Non-diaberic subjects show circadian changes in their 
plasma glucose concentration and glucose tolerance based 
upon changes in counter-regulatory hormones, insulin 
secretion and availability of alrermmative fuels, The most 
marked such circadian effect is the ‘dawn phenomenon’ 
which typically occurs berween 4.60 and 7.00 a.m. and 1s 
an increase in plasma glucose concentration and decrease 
in insubin sénsitivity consequent upon the increased secre- 
non of counter-regulatory hormones at that time. During 
thus period diabetics usually have modest nses (1-2 mmol/ 
L) in plasma glucose concentrations without recent inges- 
on of food. In some patients who have more serious in- 
suhn deficiency, the rise in plasma glucose concentration 
may be much more marked. 


Intercurrent slness and stress 


Intercurrent illnesses such as viral infections usually cause 
hyperglycaermia but may give rise to hypoglycaemia. The 
effect on glycaermmic control may persist for up to 2 weeks 
and insulin requirements, even during simple infections 
(e.g. colds), may increase by 100%%. Às most patients can- 
not safely adapt to such changes in insulin requirement 
without risk of hypoglycaemia, it is often simpler to accept 
less strict glycaemic control during and shortly after the 
infection, In patients with severe intercurrent 1llness such 
as sépticaemia, pancreatitis or myocardial infarction (ail 
mére common in diabetes}, intravenous doses of insulin 
equivalent to those used in ketoacidosis are often re- 
auired, even in subiects not usually requiring exogenous 
insulin treatment. 

Emotional stress of many forms will result in changes 
in sécrétion of counter-regulatory hormones and auto- 
nomic tone which will alter glucose tolerance. Since emo- 
tional stress 15 often associated with alterstions in sleep, 
cating and exercise patterns it may be practically impossi- 
ble for diabetic patients under emotional stress to main- 
tain usual glycaemic control, even if their morale remains 
high enough for them to bother trying. 


Presous hyvpaglycaenna and Somogvi effect 


The response of counter-regulatory hormones to hypogly- 
caca is multiphasic, with glucagon, circulating catechol- 
amines, neuronal catecholamines, growth hormone and 
steroids acting sequentially vo reduce perinheral glucose 
cléarance (increased insulin resistance) and increasing he- 
patic glucose output by both glycogenolysis and increased 
gluconcogenesis. After a counter-regulatory response to a 
hypoglycaemic episode and the administration of glucose 
to reverse the symptoms, hyperglycaemia is common. The 


patient's usual glycaemic control, glucose rolerance and 
insulin resistance may take several hours to be restored. A 
special variant of the rebound from hypoglycaemia is the 
Somogyi phenomenon in which nocturmal hypoglycaemia 
occurs. The patient may not be aware of the hypoglycae- 
mia, even in retrospect, although awakening with malaise, 
headache and bedclothes damp from sweating are sugges- 
tive. The rebound from the nocturnal hypoglycaemia 
results in the patient waking with a blood glucose concen- 
tration higher than desirable, Causing the temptation to 
take at least as much insulin the next night. 


Exercise 


Exercise imposes a perturbation of the patients usual 
balance between food intake and insuhin réquirement. 
The metabolic effects of exercise vary with the intensity 
and duration of that exercise. For example, jogging typi- 
cally elicits an increase in both glucose and lipid oxidation 
and plasma glucose and NEFA turnover increase. In more 
strenuous exercise, muscle stores of glycogen and tn- 
glyceride will be depleted, Plasma glucose concentrations 
may increase or decline during exercise, depending on 
counter-regulatory hormone dnve to hyperglycaemia and 
whether glycogen reserves are adequate, but in healthy 
subjects plasma insulin concentrations decrease, This de- 
chine in insulin permits increased hepatic glucose output 
to limit the fall in blood glucose. In subiects on exogenous 
insulin treatment, insulin concentrations may not fall 
(indeed, they may increase if increased skin blood flow 
during exercise increases insulin delivery from the subcu- 
tancous injections site) and hence hepatic glucose output 
may not be able to prevent hypoglycaemmia. After exercise 
there is a phase of glycogen repletion in liver and muscle 
and in diabetic subjects, delayed hypoglycaermia may be 
a problem at any time up to several hours afterwards. 


Ethanal 


The cflects of ethanol on diabetic subjects include all its 
effects on non-diabetic subjects. In addition, the effect of 
éthanol to inhibit gluconeogenesis may reduce hepatic 
glucose output so as to provoke hypoglycaemia, Typically 
this does not occur immediately whilst the patient is con- 
suming ethanol since most beverages conrain adequate 
carbohydrate to prevent this (or the patient cats as well 
as drinks) and hyperglycaemia is usual within 120 min 
of drinking. However, the inhibition of gluconeogenesis 
pérsists for several hours and a rebound hypoglycaemic 
cpisode may occur a few hours (typically 2-4h) after 
drinking ethanol. If the clinical features of hypoglycaermia 
are dismissed as the consequences of inebriation by the 
patiént’s attendants (or police) then the failure to treat the 
hypoglycaemia may be serious. Even non-diabetics may 
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suffer symptomatic ethanol-induced hypoglycaemia, but 
the problem is most severe in patients taking exogenous 
insulin therapy. 


Dhaberic complications 


Diabetuic autonomie neuropathy may affect gastrointes- 
tinal motility which may be occult or manifest as constipa- 
tion, diarrhoës, unexplained {or easily triggered) vomiting 
or as malabsorption. The features of malabsorption are 
dealt with in Chapter 11. Altered gastrointestinal motility 
will change the rate of absorption of nutrients from the 
food and cause rapid and unpredictable delivery of glu- 
cose into the circulation. Such unpredictable absorption is 
particularly unwelcome in diabetics and may undermine 
completely the attempts of even a well-motivatéd patient 
to maintain tight glycaemic control. If gastrointestinal 
motility can be improved, this renders glycaemic control 
somewhat casier; however, such amelioration is usually 
spontaneous rather than related to medical mtervention. 


Brutle diabetes 


Brittle diabetes is a term with no universally accepred 
definition. In 1977, Tattersall used a clinical definition, 
describing ‘the patient whose life is constantly being dis- 
rupted by episodes of hypo- or hyperglycaemmia, whatever 
their cause”, This definition has been modified by various 
workers. 

Causes of brittle diabetes include psychological abnor- 
malities such as eating disorders (e.g. bulimia), personal- 
ity disorders, communication disorders or manipulative 
behaviour, Such factors are often inferred if good glycae- 
mic control can be achieved in hospital by the use of intra- 
venous or nurse-administered subéutaneous insulin. If 
intravenous insulin therapy fails to achieve good glycae- 
mic control then a systemic cause for insulin resistance 
should be sought. Other causes of brittle diabetes include 
inappropriate éducation, an inappropriate insulin regimen, 
intércurrént illness such as thyroid disease, Addison’'s 
disease, systemic lupus erythematosus (via antibodies to 
insulin or its receptor), disorders of intestinal motility 
(erratic absorption of food} and interactions with other 
drugs (prescnibed or non-prescribed)}. Problems related 
to insulin injections, such as fauity technique, abnormali- 
ties of local anatomy or subcutaneous tissue blood flow, 
are well-recogmized causes. The suggestion that subcuts- 
neous proteases may prevent insulin absorption remains 
unproven. 


DIABETIC EMERGENCIES 


Creneral medical emergencies in diabetic patients are 
usually treated in the same way as in non-diabertic sub- 
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jects, although frequent monitoring of blood glucose is 
necessary, Specific diabetic emergencies are classified 
below although mixed forms may occur rarely, Appro- 
priaté management requires accurate diagnosis of the 
condinon. Any patient being admitted as an emergency 
with cerebral impairment, acidosis (or hyperventilation) 
or dehydration requires an urgent laboratory measure- 
ment of blood glucose concentration; stick testing of 
blood glucose, although useful as a rapid screening 
proceedure, should not be relied upon for such patients. 


Diabetic ketoacidosis 


Approximately 30% of patients with IDDM present with 
ketoacidosis. Fortunately the onset in newly presenting 
patients tends to be slower than in known diabetic sub- 
jects. An infection is found in approximately 35-55% 
of cases of ketoacidosis. Inappropriate self-treatment (or 
lack of it) accounts for another 30% cases. The clinical 
features include dehydration, acidosis and cerebral im- 
pairment. Biochemical features include hyperglycaemia, 
ketosis (ketonaëemia and ketonuria) and meétabolic acido- 
sis. The characteristic ketosis is a consequence of in- 
creased lipolysis and decreased fat synthesis, Excess acetyl 
CoA derived from B-oxidation of farty acids is converted 
to the ketone bodies, acetoacetate and B-hydroxybutyrate. 
There are four mechanisms which predispose to keto- 
acidosis: insulin deficiency, counter-regulatory hormone 
excess, fasting and dehydration. Of these the most impor- 
tant is insulin deficiency. Mechanisms of the development 
of diabetic ketoacidosis are shown in Figure 14.4. In a 
vicious circle, hyperglycaemia and excess lipolysis cause 
dehydration and high circulating concentrations of NEFAs. 
These promote acidosis and dehydration and increase 
the secretion of counter-regulatory hormones. The acido- 
sis, dehydration, counter-regulatory hormones (especially 
catecholamines and glucagon, which some consider essen- 
tial for the development of ketosis) and excess lipolysis 
induce insulin resistance, thereby increasing hypergly- 
caemia and lipolysis. Protein catabolism and hypertrigly- 
ceridaemia also occur and compound the situation. 
Rarely patients may present with normoglycaemic keto- 
acidosis; typically this occurs in situations where exercise, 
starvation or infection is the major precipitant of kerosis. 


Biochemical features 

Bedside vests may demonstrate high blood glucose levels, 
glycosuria and keronuria. Significant ketonaemia can be 
detected by putting a drop of blood on a reagent stick 
designed for detecting ketonuria. The nitroprusside reac- 
tion (Acetest) detects acetoacetate. Plasma B-hydroxy- 
butyrate concentrations are typically three times higher 
than those of acetoacetate and the ratio may be even 
greater if there is also an element of lactic acidosis, so that 





Fig. 14.4 Vicious cycles in ketoacidosis and hyperosmolar states. In 
both conditions the trigger event(s) cause an initial inadequate insulin 
supply and hyperglycaemia. In ketoacidosis both acidosis and 
dehydration cycles occur. In hyperosmolar states only the dehydration 
cycle occurs. Features in italics are résinicted to ketoacidosis. 


the ketonaemia may be underestimated or not recognized. 
An ECG may point to hyperkalaemia and is an important 
baseline in older patients. Typical biochemical changes 
are shown in Table 14.10, 

The key to successful management is early institution 
of therapy and repeated clinical and biochemical assess- 


| Plasma [glucose] = 37 mmol/L. 
Plasma [K°] = 5.3mimol/L: whole body deplerion typically 
6.0 mmol/kg hody weight 
| Plasma [Na] = 131mmol/L: whole body depletion typically 
8.0 mmol'kg body weight 
| Plasma [urea] > 15 mmolL. 


| Plasma [Mg°*] <0. 70 mmol/1.: white body depletion typicalty 
0.5 mmol/kg body weight fs | 
Plasma {P] > 1.2 mmolL: whole body depletion typically 1.0 mmol/ 
kg body weight | 
Serum amylase 500-1000 TU/E 
| Plasma osmolality = 323 mmol/kg 
| Whole body water deplerion 75-100 mLl/kg body weight = 7 Lin 
typical adult 
Arterial blood gases 
1 50 mmoUL H < 7,30) 
.2kPa 


ER <18 mmolL. + 
Anion gap (Na°} + [K1) - (CT) + IHCO;}) > 20 mmobL. 





ment of the patient, especially in the early stages. The rate 
of restoration of normal biochemical parameters should 
be asymptouc. The more severe the biochermmical abnor- 
mality, the more aggressive early therapy should be to 
achieve resolution. The treatment of ketoacidosis is to 
replace fluid using intravenous physiological saline and, 
if appropriate, colloid, and to reverse the underlying 
metabolic disorder with continuous intravenous infusion 
of insulin, 

Potassium concentrations may fall precipirously as the 
patients condition starts to respond to treatment and 
fréquent monitoring is necessary, especially during the 
first four hours of therapy. Phosphate and magnesium 
concentrations may also fall after the start of treatment 
and hypophosphataemia should be treated if phosphate 
concentrations fall below 0.2 mmol/L. Polyuria will not 
abate immediately after the start of therapy so it is impor- 
tant to infuse enough fluid to achieve a positive fluid 
balance, The use of bicarbonate remains controversial. It 
should not be given with an arterial [H°] below 100 nmol/ 
L (pH >7.0). Many clinicians would given bicarbonate 
for more severe acidosis but amounts and protocols vary. 
If improvement has already been demonstrated without its 
use, then it probably is not necessary at subsequent stages 
of treatment, Bicarbonate therapy may precipitate hypo- 
kalaemia. Dichloroacetate is used in the USA to counter- 
act the metabolic acidosis. Cerebral oedema is a potential 
late sequela of diabetic keroacidosis which may be caused 
by 100 rapid a correction of electrolyte disturbances. It is 
prudent to slow the rate of restoration of normality once 
the patient is metabolically ‘safe’ (e.g. [H°*] < 80 nmol/L, 
pH 2>7.1, plasma glucose concentration 15 mmol/L, 
less than on admission and plasma potassium and urea 
concentrations moving towards their reference ranges). 

Cardiac arrhythmmia, myocardial infarction or acute 
renal failure occurning simultaneously with diabetic keto- 
acidosis are extremely dangerous and warrant aggressive 
therapy to maximize the chance of recovery, After an epi- 
sode of ketoacidosis patients should always be considered 
insulin-dependent and treated with insulin (even if they 
were not originally). 


Non-ketotic hyperosmolar hyperglycaemic states 


Clinically the picture in affected patients is dominated by 
dehydration. Since non-ketotic hyperosmolar states occur 
mainly in older subjects with NIDDM (most cases occur 
above the age of 60 vears, about half in patients not previ- 
ously diagnosed as diabetic), major problems can arise 
from late presentation and coincidental cardiovascular or 
infectious (usually pneumonia) conditions. The cycle of 
hyperglvcaemia, dehydration and increased counterregula- 
tory hormones is similar to that part of the picture of dia- 
benic keroacidosis, but is more severe, The characteristic 
hypernatraemia (Table 14.11) is caused by renal sodrum 
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Clucose = 60 mmol/l. 
Plasma [K°} = 4.0mmol/L: whole body depletion = 10,0 mmol/kg 
body weight 
Plasma [Na] = 155 mmol/L: whole body depletion = 8,0 mmol/kg 
body weight | 
Plasma [urea) = 55 mmol/L. | 
Plasma [créeatinine) = 400 pumol/L. 
Whole body water depletson = 80-120mL/kg body weight e 10 Lin 
typical adulr 
Arenal blood gases 
[MH] < SO nmol/L (pH > 7.30) 
P.CO, = normal 
P,0., = normal 
EHCO,1 = 18 mmol'L. (low normal} 
Anion gap < 20 mmol/L. 


| 
| 
| 
| 





resorption in the response to the hypovolaemia simul- 
taneously with the osmotic diuresis causing persistent free 
water loss. Non-ketotic hyperosmolar states usually occur 
in those subjects with only marginal insulin deficiency 
and their insulinaemia has sufficient antihipolytic effect 
to prevent the lipolytic and ketotic problems seen in 
ketoacidosis. 

Fluid replacement, which initially should be as aggres- 
sive as the patient’s cardiovascular system will allow, is the 
mainstay of treatment in hyperosmolar states. The glucose 
concentration typically declines relatively quickly after the 
institution of insulin therapy since patients are usually less 
insulin-resistant than ketoacidotic patients. Since there is 
less acidosis and more profound dehydration plasma po- 
tassium deficits are typically less than those which occur 
in ketoacidosis. Commencing treatment with fluid and 
insulin usually induces a decrease in plasma glucose and 
urea concentrations and total osmolalitry. However, hyper- 
natraemia typically increases during this period since the 
falling osmolality allows water to re-equilibrate into dehy- 
drated cells whilst free water loss through the kidneys 
continues. In the face of increasing hypernatraemia but 
falling osmolality, some clinicians, fearing convulsions 
from hypernatraemia, use hypotonic infusions to speed 
the fall in plasma sodium concentration. Unfortunately, 
the use of hypotonic solutions increases the risk of 
dysequilibrum syndromes with convulsions or reduced 
consciousness. Personally, I prefer to use only isotonic 
solutions if the patient's general condition is improving. 
After successful treatment of non-ketotic hyperosmolar 
hyperglycaemic states the severity of residual glucose in- 
tolerance may be very mild and the patient can often be 
successfully managed on diet alone. 


Other metabolic acidoses 


In diabetic subjects the vast majority of acidoses are dia- 
betic ketoacidoses. Other metabolic acidoses are more 
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completely discussed in Chapter 5. The differential diag- 
nosis of a metabolic acidosis in a diabetic subject may 
occasionally be troublesome if one forgets that diabetics 
are prone to other causes of metabolic acidosis such as 
renal failure and salicylate poisoning. Diagnostic prob- 
lems may also arise in diabetics where there is a mixed 
picture (e.g. diabetics with ketoacidosis and secondary 
lactic acidosis due to circulatory collapse) or alcoholic 
keroacidosis occurring in a diabetic patient. 


PRINCIPLES OF BIOCHEMICAL. TESTS 
Glucose measurements 


Measurements of blood glucose concentrations are funda- 
mental to the diagnosis and management of diabetes 
mellitus. Plasma contains more glucose (per unit volume) 
than ervthrocytes s0 criteria for diagnosis of diabetes re- 
flect these differences between samples (see Table 14.5). 
Since glucose enters the circulation via the hepatic ven 
and is cleared peripherally, arterial concentrations are 
higher than venous blood samples with capillary blood 
having intermediate values. 

Over the last decade, home and bedside blood glucose 
monitoring by the patient or their attendants has become 
widespread, based upon reagent stick techniques for esti- 
mating blood glucose (some sticks use enzymatic reac- 
tions, some photoelectric effects). Reagent sticks are also 
widely used for bedside monitoring in hospitals. Although 


such sticks represent the only practical approach to long- 
term self or nurse monitoring, they are prone to multiple 
errors if misused (especially by inadequately educated 
patients or health care professionals) and should not be 
relied upon for clinical decisions in seriously ill patients, 

Table 14.12 indicates some substances which may 
intéract with blood glucose analysis by laboratory or stick 
methods. 

Measurements of urinary glucose content are cheap but 
prone 10 multiple problems in interpretation of the degree 
of glycaemic control. Their use is declining in Western 
medicine although they may be more acceptable than 
blood tesring and provide an adequate index of glycaemic 
control in elderly patients with NIDDM, controlled on 
diet alone or on only small doses of oral hypoglycaemics. 


Oral glucose tolerance tests (Table 14,5) 


OGTTSs are the reference method for the assessment of 
glucose tolerance, despite the notoriously poor reproduc- 
ibility of the test (CV = 50% for 2 h blood glucose), Most 
diabetic patients are diagnosed on the basis of symptoms, 
examination and random or fasting blood glucose concen- 
tration without recourse to an OGTT, Historically, there 
has been divergence of opinion as to the dose of glucose 
to be used. Current WHO recommendations are for 75 g 
of anhydrous glucose (not glucose monohydrate which 
is 10% water, by weight). For 3 days before the test the 
subject should be on an unrestricted weight maintaining 


Delay in sample separation, especially if 
not cooled and in fluuride 


MHexokinase (e.g. Uni-Kir®) 


Other hexoses 


Glucokinase (e.g. Yellow Springs") Paracetamol 


Spectophotomerric (eg. Uni-kirt) 


Any 
Bencdict's based (e.g. Clinitest}, 
are 


Hsemolysishypertipidaemiu 

influence background rurbadity 
Bacteriuria 

Reducing subetances (eg. vitamin C, 
many other sugars and high concentrations 


of rate or creutinine) 


. oxidase (6.5 Glucostix®, 
Glucose oxidase (eg. Glucostix®, 


Derergent (eg. from cleaning container) 
Reéducing substances (eg. vitamin C), 





diet (with at least 200 g carbohydrate per dav} and should 
exercise normally, The subject should fast overnight for at 
least 10 hours and should remain seated and not smoke 
during the test. Tests are not recommended for subjects 
with fasting hypergiycaemia or hospitalized, acutely üll or 
immobile patients, Interpretation may be difficult in sub- 
jects taking {+ blockers, diuretics, nicotinic acid or high 
doses of some hormones. 


Screening for diabetes 


In view of the limitations of the OGTT, one may be sur- 
pnised that screening for diabetes :s undertaken, However, 
it is estimated that 50°% of the diabetic subjects in 
Western societies are undiagnosed, Screening has been 
recommended for subiects with two or more of the follow 
ing major risk factors: 


© family history of diabetes (parents or sibs with 
diabetes) 

obesity (> 20% over ideal body mass) 

race (Asian, Afro-Caribbean) 

age over 40 vears 

previously identified IGT 

hypertension or hyperlipidaemia (e.g. cholestérol 
> 6.2 mmol/L or triglycerides > 2.0 mmol/L) 

in non-pregnant women à history of gestational 
diabetes or delivery of a baby weighing more than 


4 kg. 


Tests of recent glycaemic control 


Several tests are available which reflect glycaemic control 
during the preceding few days or weeks. Pre-eminent 
among such tests is measurement of the glycated haemo- 
globin. This is the fraction of haemoglobin (usually, the 
HbA, species of haemoglobin) which has undergone non- 
enzymatuc glycation (sce p. 272), Since the usual hfespan 
of an erythrocyte is 120 days, the glycated haemoglobin 
réflects the glycaemic control over the preceding 60-120 
days. The refcrence range of such assays varies from 
laboratory to laboratory. The interpretarnion of glycated 
haemoglobin measurements will be affected by any co- 
incidental condition which reduces the lifespan of the 
erythrocyte, especially haemolvtic anaermias, 

In conditions where glycaemic control and msulin re- 
quirements may change from week to week (such as preg- 
nancy}, it may be preferable to use an index of glycaemic 
control with a shorter half-life than glycated haemoglobin. 
Glycated albumin and glycared fbrinogen have been used 
to indicate more récent giycaemic control. Albumin has 
a bhalf-Hfe of approximately 20 davs, so the fraction that 
is glycated reflects glyCaemic control for the preceding 
1-2 weeks. Intercurrent conditions which affect the turn- 
over of albumin or fibrinogen will alter the value of these 
indices of glycaemic control, 
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Fructosamine is the name given to the ketoamine prod- 
ucts of protein glvcauon formed when glucose bound 
to a variety of proteins by aldirmine hnkage undergoes an 
Amadori rearrangement. Fructosammine is relatively easy 
to assay and reflects control over the preceding 10-15 
days. 


Tests relevant to subjects with insulin resistance 


In subjects who require large amounts of insulin to main- 
tain cuglycaemia, e.g. > 150 units or 1.5 units/kg body 
weight per day, insulin resistance may be postulated, 
Many such subiects will be merbidly obese and this 15 
usually an adequate explanation. To investigare suspected 
insulin resistance, the subject should be admitted for 
administration of insulin by nursing staff by both intra- 
venous and subcutanecous routes (at different times). Sub- 
sequent estimation Of plasma concentrations of glucose 
and insulin will indicate whether the insulin dose has 
reached the circulation and whether 1t has had the ex- 
pected pharmacodynamuc effects. Maemolysis reduces 
insulin levels so blood samples should be taken without 
haemolysis and kept cool (4°C) until the plasma can be 
scparated. Normal fasting insulin concentrations are up to 
140 pmolL, (20 mU/L) (depending on the assay used). If 
doubt remains as to whether the subject is insulin-resist- 
ant, à hyperinsulinaemnc clamp should be undertaken (see 
below), 

[finsulin-binding antibodies are suspected, for example 
in a subject who has received non-human insulins, free 
insulin may be assayed by radioimmunoassay, If the free 
insulin concentration is much lower than total insulin 
concentration, insulhin-binding antibodies are likely, Sub- 
ects who have lirrle glycaemic response to high concentra- 
tions of endogenous insulin but wha are sensitive to 
exogenous insulin may have an abnormal immunoreactive 
insulin (see p. 261). 

If a subject without insulin-binding antibodies fails 
to respond to intravenous insubin, an insulin receptor or 
postreceptor problem should be sushected and à careful 
family study should be undertaken, Family members 
should be screened for insulin resistance by measuring 
fasting plasma glucose and insulin concentrations. The 
binding of insulin to the patient's white blood cells or 
adipose tissue may be assayed to indicate whether the 
patient has normal insulin receptor numbers and whether 
the receptors show normal avidity for insulin. 

Glucose transporter function may be assaved by incu- 
bating cells of interest (e.g. leukocytes, monocytes, adipo- 
cytes) with a non-metabolizable glucose analogue such as 
2-deoxyglucose. The cellular content of the glucose ana- 
logue after a given time provides a measure of glucose 
transporter function, Glucose transporter number may 
be estimated by the use of specific antibodies linked to 
an imaging system (fluorescence or radioacuvity based). 
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Molecular biological techniques may be applied for 
delineanion of the DNA seguences coding for insulin, the 
insulin receptor and glucose transporter molecules when 
the site of the defect has been idéntuifiéd. 


Research tests 


Tests commeniy applied in diabetes rescarch include 
the hyperinsulimaemc glucose clamp and the intravenous 
glucose tolerance test (IVGTT) as well as a variety of 
measures of 6 cell function. 

The hyperinsulinaemuc clamp is the reference measure 
of insulin resistance, In the euglycaemic variant of the 
test, insubn 18 infused into a peripheral vein so as to raise 
the plasma msulin concentration 10 a target range (e.g. 
250 pmol/rn /min or 35 mU/m'/min raises the insulin to 
around 60 mU/L;. If nothing else were done the hyper- 
insulinaemia would induce hypoglycaemia. However, in 
the clamp procedure, the plasma glucose concentration 
is measured every 5-10 minutes and glucose ts infused 
péripherally to maintam glucose concentrations within 
the desired range, When a steady state has been reached 
(usually 80-126 min) then the rate of exogenous glucose 
infusion necded to maintain the glucose concentration 1s 
an index of the glucose clearancçe rate and of the subjecr's 
insulin sensitivity. Many variations on the clamp method- 
ology are descnbed which permit better description of 
the physiological abnormalities in glucose rurnover in 
résponse 10 insulin. 
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The IVOGTT is an alternative test of glucose rolerance 
in which glucose (rypically 20 g per m° of body surface 
area) is injected as a bolus. The IVGTT has superior re- 
producibility co the OGTT but is much less physiological, 
An IVOGTT is a powerful stimulus to insulin secretion. 
The IVGTT has been used in research srudies to screen 
non-diabetic subjects at high risk of developing subse- 
quent diabetes for early defects of glucose tolerance and 
insulin response with some success in predicting those 
with subsequent deternioration to diabetes. 


Measurement of D cell function 


"Fhese tests are primarily for research use in attempting to 
understand the relative contribution of insulin deficiency 
and insulin resistance to glucose intolerance. There is 
no consensus as 10 which should be used in NIDDM. [fit 
is chnically important to document the severity of insulin 
deficiency, thus 15 best done by messunng plasma C- 
peptide concentration, The DCCT (Diabetes Control and 
Complications Trial) trial uses a basal value of less than 
0.2 nmol/L C-peptide and a value of less than 0.5 nmol/L. 
C-peptide {6 min after 1 mg glucagon intravenously) to 
disunguish IDDM from NIDDM. 

Elevared fasting plasma proinsulin concentrations 
indicate subjects with abnormal fi cell function, even if 
glucose tolerance 1s normal. 


A more detaded account af the béochemical mechanins of diabetes lun 
ture es nom fo grec here. 
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and progression of long-term complications in 1suhn-depenidtent 
diabetes mellious. New England Journal of Medicine 1993; 

329: 077. 

À mondncentre rondomeod srudy, codncfr rapports thé desrabdiny of 
achevns near-nonnal plasma puces COMCCRPPARONNS 2 DATenEs euitht 
IDDM, 

Watkins PF. ABC of disbhètes (3rd édn), London: Bnush Médical 
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A good general emtroduction & dicbeter. 


CHAPTER 


15 


Mourad Labib 


rh mg — LEE 


GLUCOSE HOMOEOSTASIS IN THE FED AND 
THE POSTABSORPTIVE STATES 


In healthy subjects, the blood glucose concentration 1s 
maintained within relatively narrow limits through a 
tightiy controlled balance between glucose production 
and glucose utilization, Fundamentally, glucose is derived 
cither from dietary intake (in the fed state) or from glyco- 
genolvsais and gluconcogenesis (in the fasting or post- 
absorptive state). Ir is metabolized by oxidation or stored 
in the form of glvcogen or fat (Fig. 15.1). 

Blood glucose concentrations in the fed and post- 
absorptive states are regulated by the interaction between 
insulin and glucagon, Insulin, which 15 primanily an 
anabolic hormone, enhances storage of nutrients by pro- 
moting glycogenesis, lhpogenesis and protein synthesis. 
Glucagon, on the other hand, functions primarily to 
prevent hypoglycaemia by stimulating giycogenolvsis and 
gluconcogenesis. 

After the ingestion of a mixed mea], the increase in 
glucose and msulin levels results in stimulation of glyco- 
gen synthase and inhibition of glycogen phosphorvylase, 
causing a net increase in hepatic glycogen. Three to four 
hours following a meal, glucose and insulin levels decline 
and the liver reverts from net glucose uptake 10 net glu- 
cose release, Heparic glucose release continues to increase 
over the next several hours until it equals glucose utiliza- 
uüon, Initially, about 75% of glucose production 1s attrib- 
utable to glycogenolysis and 25% to gluconeogenesis but 
as hepatic glycogen stores decline, the proportion from 
vluconeogenesis increases steadily. 

Dunng the early postabsorptive phase, glucose utliza- 
tion continues at the rate of 0.11 mmol/kg'min, of which 
40-50%% is due to obligatory uptake by the brain and other 


Hypoglycaemia 


non-insulim-dependent tissues, With prolonged fasung, 
the dechine in plasma insulin concentration :s accompa- 
mied by an increase in free fatty acid and ketone body 
concentranons, These can be used as alternative fuels, 
thereby decreasing the need for glucose, 


Dhetary 
CarbotryCrate gg | (NS LIN 
and nutrients 


Î  Giycogenolysis 


Gluconaogenesis 


Î Lipolysis | 


Cucose homoecstasis in the fed and fasting states. 





Fig, 15,1 
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HYPOGLYCAEMIA 


The definition of hypoglycaemia is somewhat arbitrary 
since the glyCaemic threshold at which symptoms occur 
differs between individuals and depends on the age of the 
patient and the prevailing plasma glucose level before the 
hypoglycaemic episode, À venous plasma glucose concen- 
ration below 2,5 mmol/L, regardless of the presence or 
absence of symproms, has been commonly used, How- 
ever, many apparently healthy people, especially women, 
may have plasma glucose concentrations below 2.5 mmol/ 
L during à 72 h fast without experiencing any symptoms. 
Therefore, the diagnosis of pathological hypoglycaemia 
necessitates the demonstration of Whipple's triad. This 
consists Of (1) symptoms of hypoglycaemia in the pres- 
ence of (2) a low plasma glucose concentration and that 
(3) symptroms are relieved by administration of glucose. 


The neurogenic response to hypoglycaemia 


Under normal metabolic conditions, the central nervous 
system is wholly dependent on adequate glucose supply. 
In hypoglycaemia, the shortage of glucose in the neurons 
activates cells in the hypothalamus and an autonomic re- 
sponse is triggered to restore and maintain glucose supply 
to the brain. The activation of the autonomic nervous sys- 
tem, mainly the sympathetic, acts directly by mobilizing 
storage depots of glycogen and fat and also by stimulating 
catecholamines which potentiate the adrenergic mobiliza- 
uon of energy stores (Table 15,1). Hepatic glycogen 
stores provide glucose, particularly for the brain, whereas 
the mobilization of fatty acids from fat depots provides 
energy for tissues which can utilize fatty acids as their 
basic fuel, e.g. skeletal and cardiac muscles, renal cortex 
and liver, thus sparing glucose for use by the central 
nervous system, 





__Acnoation of mmpathenc nervous syst 
(a) @-adrenergic effects 

| Direct inhibition of endogenous insulin release 
Incresse in cercbral blood flow (by causing peripheral 
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The hormonal response to hypoglycaemia 


Acute insulin-induced hypoglycaemia causes prompt 
inhibition of hepatic glucose release and stimulation of 
glucose utilizanon resuluing in a fall in blood glucose con- 
centration, The continued decline in blood glucose is, 
however, prevented by a compensatory increase in hepatic 
glucose release which follows the increase in plasma 
glucagon and adrenaline concentrations, Plasma growth 
hormone and cortisol concentrations increase shortly 
afterwards. 

It has been estimated that the glycaemic threshold 
for glucagon, adrenaline and growth hormone secretion 
(3.8 mmol/L) is higher than that for cortisol secretion 
(3.2 mmol/L) or symptoms of hypoglycaemia (2.9 mmol/ 
L). Several experimental studies indicate that glucagon is 
the most important counterregulatory hormone during 
acute hypoglycaemia. If glucagon secretion is deficient or 
absent, adrenaline becomes the principal counterregula- 
tory hormone. Cortisol and growth hormone are of sec- 
ondary importance and appear to have à permissive role 
during recovery from acute hypoglycaemia, When both 
glucagon and adrenaline are absent, as in long-standing 
insulin-dependent diabetes, cortisol and growth hormone 
compensate poorly, 1f at all, for hypoglycaemia. 


Symptoms of hypoglycaemia 


The symptoms of hypoglycaemia are non-specific and 
vary depending on the degree of hypoglycaemia, the age 
of the patient and the rapidity of the decline in blood 
glucose. They are conveniently subdivided into adrenergic 
and neuroglyvcopenic symptoms but they all reflect the 
effects of hypoglycaemia on the central nervous system. 


Adrenereic svmptoms 


The adrenergic symptoms resuit mainly from activation 
of the sympathetic nervous system and Characteristically 
occur when there has been à rapid decline in blood glu- 
cose concentration. They consist of rather sudden onset 
of hunger, tremors, palpitation, sweating, weakness and 
anxiety (Table 15.2), 

A rapid fall in blood glucose may occur in diabetics due 
to excessive absorprion of exogenous insulin either 
from overtreatment or from rapid mobilization from the 
injection site during exercise, In non-diabetics, reactive 
hypersecretion of insulin may be responsible, e.g. in 
postgastrectomy patients. The adrenergic symptoms of 
hypoglycaemia may mimic those of anxiety attacks or 
hyperventilation. 


feuroglhycopenic svmptoms 


The neuroglycopenic symptoms result from a more 
gradual decline in blood glucose concentration and range 





from a generalized decrease in spontaneous activity, poor 
concentration, confusion, incoordination, slurred speech 
and behavioural changes to seizures, focal neurological 
signs and coma (Table 15.2). It is unusual for neuroglyco- 
penic symptoms to appear in patients with fasting hypo- 
glycaemia unless the blood glucose concentration falis 
below 2,2 mmol/L, although in elderly patients the neuro- 
glycopenic threshold may be as high as 3.0-3.5 mmol/I. 

Pauents with neuroglycopenic symptoms of hypo- 
glycaemia have been misdiagnosed as having epilepsv, 
transient ischaemic attacks, psychosis, hysteria, chronic 
nervous exhaustion, personality disorder or inebriation. 

Chronic neuroglycopenia is very rare and may occur in 
patients with insulin-secreting tumours unsuspected for 
years. Symptoms include personality changes and mental 
deterioration. 


CLASSIFICATION OF HYPOGLYCAEMIC 
DISORDERS 


Disorders causing hypoglycaemia can be classified, 
according to the timing of symproms in relationship to 
meals, into fasting and reactive hypoglycaemia (Table 
15.3). While patients with fasting hypoglycaemia, €.g. 
insulinoma, may also have reactive hypoglycaemia, pa- 
uents with reactive hypoglycaemia never have symptoms 
with fasting. 


Fasting hypoglycaemia 


Sympioms typically occur after a period of fast, usually 
after the longest regular fast of the day (e.g. before break- 
fast) or after missing a meal. They are predominantly 
neuroglycopenic and may be precipitated by exercise, 
Causes of fasting hypoglycaemia may be further sub- 
divided into two categories: 
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1. Those associated with increased or inappropriate 
plasma insulin levels, such as insulinoma, overdose or 
surreptitious administration of insulin or a sulphonylurea, 
autoimmune hypoglycaemia and certain drugs such as 
quinine and pentamidine; 

2. Those associated with suppressed insulin levels, 
such as severe liver disease, chronic renal failure, severe 
malnutrition, hypopituitarism, adrénal insufficiency, 
non-pancreatic tumours and drugs, e.g. salicylates and 
B-blockers. 


Non-fasting, postprandial or reactive 
hypogiycaemia 

Symptoms typically occur within 2-5 h after a meal and 
are predominantly adrenergic. Reactive hypoglycaemia is 
rare and may occur in postgastrectomy patients and mild 
diabetes mellitus or it may be idiopathic. The majonity of 
patents with postprandial symptoms do not in fact have 
hypoglycaemia (see later). 


PRACTICAL APPROACH AND INVESTIGATION 
OF HYPOGLYCAEMIA 


The direction of investigation will depend essentially on 
whether the history is suggestive of ‘fasting’ or ‘reactive” 
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Fig. 15,2 À pracncal approach to the investigation and diagnosis of bypoglycaemia, 


hypoglycacmia (Fig. 15.2). À thorough and detailed his- 
tory of the symptoms (frequency, type. relationship to 
meals and exercise) is therefore essential. If symptoms are 
relieved by food ingestion, it is important to enquire about 
the type of food and speed of recovery. All medications 
should be inspected to exclude a prescribing or dispensing 
error and the posubility of surreptiiousiy induced hypo- 
glycaemia should always be considered in health care pro- 
fessionals and relatives of diabetic patients. Assessment of 
alcohol intake and pattem of drinking is important since 
alcohol can cause both fastuing and reactive hypoglycae- 


mia. À family history of multiple endocrine neoplasia 
(MENT) should be sought. 

Clinical assessment should include assessment of 
nutrnitional status with measurement of weight and body 
mass index. Underlying ilinesses that can produce fasting 
hypoglycaemia such as severe renal or hepatic disease, 
congestive cardiac failure and anoréèxia nervosa are 
usually obvious chinically. Endocrine déficiencies such as 
hypopituitarism and adrenocortical insufficiency should 
be sought and excluded by appropriate investigations 1f 
necessary. 


Investigation of fasting hypoglycaemia 


The aims of the investigation are firstlv, to demonstrate 
that hypoglycaemia is the cause of the symptoms and, 
seconds, to identify the cause of the hypoglycaemia. 


Dermonseratnion of hypoglvcaemria 


Measurement of blood glucose during spontane- 
ous neuroglvcopenia The measurement of the blood 
glucose concentration (and collection of a suitable blood 
specimen for subsequent measurement of plasma insulin 
and C-peptide cancentrations) during a spontaneous epi- 
sode of neuroglycopenia, and before glucose 15 given, 1s 
without doubt the best test for spontaneous hypoglycae- 
mia, Unfortunately, failure to collect blood for proper 
laboratory measurement of glucose and insulin during a 
spontancous episode of hypoglycaemia is common and 
provocation (prolonged fast) is often employed to repro- 
duce the hypoglycaemia (see below). 

Improper blood collecnon, delayed separation, severe 
hypertniglvceridaemia and increased number of blood 
cells such as in leukaemia and polycythaemia may all lead 
to artifhicially low blood glucose values. Dry reagent strips 
for glucose measurement should nat be used for the diag- 
nosis of hypoglycaernia as they may give falsely low results 
due, for example, to msufficient blood being placed on the 
strip Or incorrect Ming. 

Prolonged fast À prolonged fast (up to 72h) is the 
single most useful test emploved in the evaluation of fast- 
ing hypoglvcaemia. The aim of the test is to demonstrate 
spontaneous hypoglycaemia in the presence of neuro- 
glycopenic symptoms and that the symptoms resolve on 
administranon of glucose. During a 72 h fast, normal sub- 
ects rarely develop plasma glucose concentrations below 
2.2 mmolL. and almost never develop neuroglycopenic 
symptoms. 

The fast must be conducted in hospital and under strict 
medical supervision. Before initiation of the fast, a simple 
assessment of coordination, recent memory and calcula- 
tions (e.g. counting up m sevens} should be performed as 
a baseline, The time of imiuating the fast is determined 
depending on à reasonable estimate of the patients likely 
tolerance for fasting. If fasting starts after the evening 
méal or at midnight, the majority of patients with 
insulinoma will develop hypoglycaemis by midday when 
adequate staff and laboratory facilities are avalable, 
Patients should have an intravenous indwelling catheter 
and an ampoule of 50% glucose solution should be readily 
available, During the test, the patient is allowed water and 
non-calonc beverages and should be exercised under su- 
pervision. Blood for glucose and insulin measurements is 
collectecd at the beginning and everv 4 hours thereafter. 
Plasma glucose should be determined in the laboratory as 
soon 4s possible and plasma or serum shouid be stored at 
-20°C for subsequent analysis of insulin and C-peptide. 
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Bedside glucose meters can be used to monitor the pa- 
üent's blood glucose frequently but low values, especially 
in the absence of symptoms of hypoglycaemia, should 
always be confirmed in the laboratory before any action, 
such as glucose administration, is taken, When the plasma 
glucose has fallen below 3.0 or 2.5 mmol/L, blood should 
be collected more frequently and the patient should be 
assessed for neuroglycopenia by repeating the same tests 
performed at the initiation of the fast. If neuroglycopenia 
develops and blood glucose is below 2.5 mmol/L,, several 
specimens should be obtained for glucose and insulm/ 
C-peptide measurements before terminating the test by 
administering intravenous glucose. The patient can then 
be allowed to eat, If hypoglycaemia does not occur after 
a 72 h fast, the test should be terminated. 

The measurement of 3-hydroxybutyrate concentrations 
during the fast is quite useful in that rising plasma 3- 
hydroxyburyrate levels indicate indirecuy that circulating 
insulin levels have been suppressed and the fast could be 
terminated. Blood should alwavs be collected in thus situa- 
tion to confirm suppressed plasma insulin and C-peptide 
levels, 


Identificanon of the cause of hypaglycaemna 


Plasma insulin and C-peptide Although insulin 
and C-peptide are sécreted in equimoler amounts by the 
G-cells of the pancreas, the metabolic clearance of msulin 
is much higher chan that of C-peptide. Therefore, C- 
peptide has a longer half-life and is present in peripheral 
blood in higher molar concentrations than insulin, making 
it less prone to marked fluctuations. Consequently, the 
measurement of plasma C-peptide levels may be more 
reliable as an indication of endogenous insulim produc- 
tion, However, C-peptide is cleared by the kidnevs and 
raised levels may occur in renal impairment, 

The measurement of plasma insulin and C-pepride 
concentrations, in the preserce of hypoglycaemia, 1s the 
most useful test in identifying the Cause of hypoglycaemua 
(see Fig. 15.2). Hyperinsulinaemis or inappropriate plas- 
ma insulin levels (1.e. not suppressed) in the presence of 
hypoglycaenna usually indicate the presence of insuli- 
noma, or self-administration of insulin or sulphonvlures. 
Suppressed plasma C-pepude levels in the présence of 
hyperinsulinaemia will identify patients with self-adminis- 
tration of insulin. If both plasma insulin and C-pepride 
levels are inappropriately raised, a sulphonylurea screen 
is important in identifving patients with surreptitious OT 
inadvertent intake of sulphonvylures. 

The presence of circulaung antibodies to insulin, either 
due to previous exposure to exogenous insulin or sponta- 
neously, may give falsely high plasma insulin concentra- 
tions. Because human C-peptide does not cross-react with 
insulin antibodies, the measurement of C-peptide in these 
situations Can be used as an index of B-cell function. 
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Plasma 3-hydroxyvbutyrate Lipolvsis is very sensi- 
tive to circulating insulin levels. During fasung, normal 
individuals will show a gradual decline in insulin and a 
progressive imcrease im lhipolvas and hence ketone bodies, 
eg, 3-hydroxvbutyrate (Fig, 15.3}, In patients with hypo- 
glycaemia due to hyperninsulinaemia, lipolysis is suppressed 
and 3-hydroxvbutvyrate levels are low (< 600 umol/L). In 
hypoglycaemia associated with suppressed insulin levels 
such as in liver disease, hypopituitarism, etc. (Fable 15.3), 
3-hydroxybutyrate levels are usually raised (> 600 1mol/ 
L}, the only exception being in severe inamition when 
fat stores are depleted., Therefore, the measurement of 
plasma 3-hydroxybutyrate provides an indirect measure of 
the prevaling insulin level during the hypoglycaemisa. Its 
main advantage, however, is that it 1s easy to measure 
and the result can be made available long before those of 
insulm or C-pepride measurements. 

Plasma proinsulin  Proinsulin is normally converted 
to insulin and C-peptide but a small amount, less than 
20% of the total fasting immunoreactive insulin, 15 se- 
creted into the circulanon. In islet cell rumours, the 
amount of circulating proimsulin 16 increased and may 
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account for the majority of the insulin immunoreactivity. 
Occasionally, some tumours may secrete mainly or ex- 
clusively proinsulim and therefore 1t 15 important that the 
insulin antisera emploved in insulin assavs cross-react with 
proinsulin, otherwise those tumours would be missed, 


Investigation of reactive hypoglycaemia 


The aim of the investigation is to demonstrate that hypo- 
glycaema 15 the cause of the patient’s symptoms. 


Measurement of blood glucose during symproms 


If the patient is seen at the time of spontancous symp- 
toms, blood should be collected for the measurement 
of glucose. Otherwise, the patient is instructed to coilect 
blood from a finger pnick onto a filter paper for later 
analvsis of blood glucose, The patient should cellect 
blood whilst syrmptomatic and should document the na- 
turé and timing of symptoms in relation to meals. It is also 
advisable to ask the patient to collect blood about 3-3 h 
after meals, in the absence of symptoms. Thé diagnosis is 
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Fig. 15.3 Chenges in the concentrations of hormones and metabolites in normal 
subnects after prolonmged fasting and in hypoglycaemiia with hepomsulinaemua LAS and 
in hypogtycaemis due te hyperinsuhnaenmua (B). 


made 1f the patients blood glucose concentrations are 
consistently less than 2.8 mmol/L during symptoms, on 
more than one occasion, provided that symptoms did not 
occur at times when blood glucose concentrations were 
normal. These patients should be further investigated by 
means Of mixed mceal tolerance tests. Self-monnoring by 
patients at home using a glucose meter has been suggested 
as an alternative method to filter paper blood collec- 
tion but this is not advisable since it may lead to false 
seli-diagnosis. 


Mixed meal tolerance test 


Patients suspected of having postprandial hypoglycaema 
should have a mixed meal tolerance test, in which a stand- 
ard meal of normal composition is ingested and then 
plasma glucose concentration 1s monitored every 30 min 
for 5 h and also at any time while the patient is sympto- 
matic. Capillary or arterialized blood (from a vein on the 
back of à warmed hand) should be used since venous 
plasma glucose levels are about 10% lower than arterial 
concentrations after a meal due to extraction of glucose by 
muscle, Patients should be observed for symptoms and 
the timing of these symptoms in relation to the meal and 
to the blood glucose concentrations should be docu- 
mented. Patients who develop symptoms during hypo- 
glyvcaemua, but not at other times during the test, may 
be considered to have postprandial hypoglycaermma, 

The diagnosis of postprandial or reactive hypoglycae- 
mia should not be made on the basis of an oral glucose 
tolerance test (OG TT). At least 10%% of ‘normal" subjects 
may have plasma glucose nadirs of less than 2.6 mmol/L 
during an OGTT and 2.5% may have values less chan 
2.2 mmol/L. In a study involving 192 patients with sus- 
pected reactive hypoglycaemia, 129 patients had symp- 
toms during the OGTT but these were unrelared to the 
level of plasma glucose nadir or to the rate of decline of 
the glucose level. 


FASTING HYPOGGLYCAEMIA 


Insulin- or sulphonylurea-induced hypoglycaemia 
in diabetics 


This is by far the commonest cause of spontancous fasting 
hypoglycaemua. Inadequate food intake or a missed meal 
is usually the precipitating factor. Variable absorption of 
rmuxtures of short- and intermediste-acting insuhn from 
subcutancous depots, which may vary by 50% from one 
day to another, is also an important factor. Many patients 
with long-standing diabetes have impaired counterregula- 
tory responses (glucagon and adrenaline} to hypogly- 
caemua., These patients, and also those with autonomic 
neuropathy, may have ‘hypoglycaemia unawareness" and 
are susceptible to frequent, severe and prolonged episodes 
of hypoglycaerrua. 
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Diabetics who are treated with insulin are particularly 
prone to exercise-induced hypoglycaemia. In normal sub- 
jécts, glucose uptake in skeletal muscles is mcreased by 
20-30 times during exercise. This is compensated for by 
an increase in hepatic glucose release mediated by a fall in 
circulating insulin levels, In insulin-treated diabetics, the 
continuous release of msulin from subcuraneous depots 
inhibits glucose output from the liver, In addition, in- 
creased absorption of insulin from the injection site may 
occur if the site is near the muscles being exercised. 

Severe hypoglycaemia, sometimes fatal, can occur 
in diabetic patients treated with sulphonylurea drugs. 
Elderly diabetic patients, especially those with renal or 
liver impairment, are particularly susceptible to hypogly- 
caemia and a reduction in sulphonylurea dosages is often 
required. The hypoglycaernia is usually prolonged and 
may last for 36h 10 7 days despite continuous infusion 
of glucose. Additional treatment with glucagon and/or 
diazoxide may be required to prevent à fatal outcome. 

Several drugs such as B-blockers, salicylates and alcohol 
(see below) may predispose 10 hypoglycaemia in diabetics. 
Inadvertent insulin overdose in elderly diabetic patients 
with poor vision or deliberate overdose to seek attention 
or to attempt suicide should always be considered. 

Occasionally, increased insulin sensitivity in a diabetic 
patient may be due to concurrent hypopituitarism, hypo- 
thyroidism or hypoadrenocorticalism (Addison’s discase). 


Surreptitious administration of hyÿpoglycaemic 
agents in non-diabetic patients (factitious 
hypoglycaemia) 


Surreptitious or self-induced hypogliycagmia should alwavs 
be considered in patients with hypoglycaernia. The diag- 
nosis should be suspected in individuals with access to 
insulin or sulphonylureas, such as health care profession- 
als and relations or friends of diabetic patients. Of these 
patients, 80% are women between the ages of 20 and 40 
vears who vehemently deny self-administration and rarely 
show signs of psychiatric disturbances, Many have the 
characteristics of Munchausen's syndrome with a history 
of frequent hospitalizations, previous surgical procedures 
and extensive travel. 

Once suspected, the patient should be admitted to 
hospital for detailed observation and blood should be 
collected during hypoglycaermia for the measurement of 
plasma insulin, C-peptide, insulin antibodies and sulpho- 
nylureas, À raised plasma insulin level and a suppressed 
C-peptide concentration will confirm the diagnosis of self- 
administration of insulin. In the past, the presence of cir- 
culating insulin antnbodies, a common consequence of the 
use of bovine or porcine insulin préparations, would sug- 
gest previous exogenous insulin administration, However, 
now that most insulin preparations are of human types, 
the hkelhood of insulin antibodies being produced is 
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lower and 1f found, they may indicate autoimmune hypo- 
glvcaemma {see below). If plasma insulin and C-peptide 
levels are both inappropriately normal or raised, a suipho- 
nylurea screen (plasma and urine) should be performed if 
a false positive diagnosis of insulinoma is to be avoided. 
Once the diagnosis of factitious hypoglycaemia is made, 
the patient should be referred for counselling and psychi- 
atric therapy. 


Inadvertent intake of sulphonyliuren drugs 


Accidental intake of sulphonvlurea drugs is rare but 
should be considered in all patients presenting with hypo- 
glycaemisa, The finding that a spouse or a relation is taking 
a sulphonylurea drug should alert the physician to the pos- 
sibility of accidental intake. The possibility of a presenip- 
üuon or dispensng error should also be considered. 


Islet cell tumours (insulinoma) 


Insuhinomas are rare, with an annual incidence of about 1 
or 2 cases per million persons, They can occur at any age 
with approximatels 80% occurring between the ages of 20 
and 60 vears and with, probably, a slight preponderance 
in women. In approximately 80% of patients, there 1s a 
solitary benign adenoma. Benign adenomas are generally 
small (0.5-2 cm in diameter} and are distributed equaily 
among the head, body and tail of the pancreas. Multiple 
tumours occur in about 10% of cases and at least 10% 
of all cases of insulinomas are malignant, with regional or 
distant metastases. About 4% of insulinomas are associ- 
ated with multiplie endocrine neoplasia type 1 (MENT). 
Nesidioblastosis and diffuse isler cell hyperplasis have 
both been reported in adults. Many insulinomas contain 
and secrete other hormones in addinion to insulin (gluca- 
on, gastrin, somatostatin and pancreatic polypeptide) 
but hypersecretion of these hormones is not usually asso 
ciated with clinical symptoms. 


Climcal features 


Hypoglycaemia 1s the clinical hallmark of insulinomas. 
Neuroglycopenic symptoms, especially confusion, siurred 
speech and irranonal behaviour, typically occur before 
bréakfast though 50% of patients may also have symptoms 
late in the afternoon. More than 50% of patients have 
amnesia and therefore the fustory should alwavs be cor- 
roborated, Noctummal hypoglycaemia is not uncommon 
and can manifest by mightmares and morning héeadaches. 
Symptoms can be provoked by exercise, missing a meal 
or by following a restricted calorie diet, T'ransient hemi- 
plegia, focal neurological signs and coma çan occur but 
permanent brain damage is rare and 15 only seen with pro- 
found hypoglycaemia, unrecogmized and uncorrected for 
several hours. 


Phagnostis 


Insulinoma is à rare cause of fasting hvpoglycaenua, More 
common causes such as surreptitious or inadvertent ad- 
ministration of insulin or oral hypoglycaemic agents, alco- 
hol abusé and severe liver disease {seé Table 15.3) should 
be excluded first, The diagnosis of insulinoma requires 
the demonstration of hypoglycaemia, unsuppressed or 
clevated plasma insulin levels durimg hypoglycaemia and 
a pancreatuc tumour, Patents with suspected msulhinoma 
should have a prolonged fast with monitoring of plasma 
glucose, 3-hydroxvyburyrate and insulin levels. In patients 
with insulinoma, plasma insulin levels fail to suppress de- 
spite the presence of hypoglycaernia and plasma 3-hydro- 
xybutyrate concentrations are usually below 600 umol/T. 
Plasma C-peptide levels are raised and the insulin/C- 
repnde ratio is 1:5 compared to 1:10 in normal subjects 
due to decreased hepatic extraction of imsulin. Plasma 
proinsulin levels are sigruficantly higher in patients with 
insulinoma than in normal subjects and the molar ratio of 
insulin/proinsulin is 1:1 compared to 6 :1 im normal sub- 
ects . Occasionally, all circulating immunorcactive insulin 
is in fact proimsulin and highly specific insulin assays may 
therefore give misleading results. 

À variety of suppression tests (insulin, diazoxide and 
somatostatin tests) and stimulation tests (tolbutamide, 
glucagon, leucine and calcium tests) have been used in the 
past to detect insulinoma. These tests, however, are po- 
tentially dangerous, unreliable and suffer from a high rate 
of false negative and false positive results. This ts mainly 
due to the variable degrees of differentiation of msulin- 
secreting tumours, These tests are rarely used nowadays 
and should be reserved for difficult cases. 


Locahsaren 


Once hypoglycaemia and inappropriate hypermsulinism 
have been established, attempts to localize an imsulin- 
secreting tumour should be undertaken. Unfortunatelv, 
non-invasive tests such as CT scanning and ultrasonogra- 
phy can only identify less than half of the cases. Selective 
cocliac axis angiography may identify about 60-85% of 
cases but the procedure 1s invasive, time-consuming and 
requires a lot of experience. In addition, false localization 
is not uncommon, that is, the location suggested by angio- 
graphy does not correspond to the tumour found at opera- 
tion. Percutaneous transheépatic portal venography with 
selective blood sampling for insulin measurement has a 
sensitivity as high as 97% but the procedure is difficult, 
tedious, expensive and not without risks. Although pre- 
operative localization is desirable, it is not essential since 
experienced surgeons Can palpate the tumour at laparo- 
tomy in 80-90%% of cases. Recentiy, mtraoperative local:- 
zation by ultrasound scanning has been shown to be 
highly sensitive, identifving between 86 and 100% of 
cases. 


Treatment 


Surgical resection 18 the treatment of choice for insulin- 
secreting tumours and is curative in over 80% of cases. In 
10% of cases, no rumour can be found at laparotomwy, 
In these cases, a blind distal two thirds pancreatectomy 
can be performed but the success rate 1s oniy 25%, There- 
fore, this procedure should only be attempted in patients 
who have not responded or are intolerant to a preopera- 
tive trial of diazoxide, The latter, therefore, should be 
attempted on patients in whom preoperative localization 
is unsuccessful. 

Hypeérglycaemia is common following the successful 
removal of msulinoma and is due to a combination of 
factors, namely, chronic downregulation of insulin recep- 
tors by the previously high circulating imsulin levels, high 
concentrations of counter-regulatory hormones, oedema 
of the pancreas and probably suppression ef normal pan- 
creatic islet cells caused by long-standing hypoglycaemia. 
It is usually mild and temporarv and may last from a few 
days to up to À weeks, 

If surgery às contraindicated, medical treatment using 
diazoxide or, occasionaily, a somatostatin analogue such 
as octreotide can reduce insulin release, Diiazoxide sup- 
presses insulin release in about 50% of cases and can be 
useful, in responsive Cases, in preopcrative management. 
ht directly inhibits insulin release via G-adrenergic samula- 
üon and enhances glycogenolvsis by inbiung cychc 
AMP phosphodiesterase. Its main side-effect is sodium 
and water rétention which can be prevented by giving a 
diuretic. Streptorotocin and 5-fluorouracil, either singly 
or in combination, can he used in the treatment of malig- 
nant insulinoma. 


Hypoglycaemia associated with renal failure 


Renal impairment is à common predisposing factor for 
hypoglycaemia and is probably the second most common 
cause of hypoglycaermia, after msulin therapy, in hospital- 
ized patents. The most important predisposing factor 
for hypoglycaemia in renal failure is Caloric restriction 
whether acute, due to anorexia and vomiting, or chronic. 
Other predisposing factors include liver dysfunction, con- 
gestive cardiac failure, septicaernia and drug therapy such 
as insulin, oral hypoglycaemics, salicyiates and 5-blockers. 
The pathogenesis of hypoglycaemia in renal failure is 
complex and several mechanisms have been proposed. In 
normal subjects, the kidneys play a major role in gluco- 
néogenesis and may supply as much as 45% of new 
glucose during prolonged starvation. In uraemic patients, 
who are often malnourished, renal gluconeogenesis may 
not be able to maintain an adequate glucose supply even 
if heparic gluconcogenesis is normal, Other mechanisms 
include impared hepatic glycogenolysis and gluconec- 
genes; increased insulin half-life due to decreased renal 
degradation, dimimished availabihity of alanine, and im- 
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paired counter-regulatory mechanisms. Intercurrent con- 
dinons such as hepatic dysfunction, congestive heart 
failure, septicaemia and drugs may also predispose to 
hypoglycaemia in uraemic patients. 

Therapy for diabetes mellitus, with insulin or sulpho- 
nyiurea drugs, is by far the most common cause of hypo- 
glycaemia in patients with renal impairment. Decreased 
renal degradation, frequently necessitating a reduction in 
insulin or suiphonylurea requirements, is the main reason. 
latrogeruc hypoglycaenna may De a consequence of 
haemodialysis or peritoneal dialysis. This may be due, in 
part, to exaggerated glucose-mediated insubin sécretion to 
high glucose content of the dislysate and impaired insulin 
degradanon by the kidnevs. 

The symptoms of uraemic hypoglycaemia are mainly 
neuroglycopenic (drowsiness, headache, lethargy, confu- 
sion, convulsions and coma) and may be confused with 
the symptoms of the dialysis dysequilibrium syndrome. 
Spontaneous hypoglycaemis in renal failure, not associ- 
ated with hypoglycaemic agents or dialysis, carries a grave 
prognosis with over half of the patients dving within 
months of onset. 


Hypoglycaemia associated with liver disease 


Although the hiver plays a central role in normal glucose 
homoeostasis, hypoglycaemia is rare in patients with liver 
discase. Glucose homoecostasis can be maintained with the 
mass of functioning hepatocystes reduced to less than 20% 
of normal and hypoglycaemmia does not ocçur until the 
liver is extensively darnaged. Hypoglycaemia ks not usually 
a feature of chronic hepatic failure nor 1s it implicated in 
the production of hepatic coma. Converselv, it may occa- 
sionally be associated with muld Hiver disease and has 
been reparted in a wide variety of liver diseases such as 
fatty infiltration, portal cirrhosis, infective hepatitis and 
hepatocellular carcinoma. 

Frank hypoglycaemia :s also uncommon in acute 
(fulminant) hepatic failure, whether due to viral imfectuion 
or hépatotoxic drugs. When it does occur, it can be severe 
and persistent, The diagnosis of hepatogenous hypo- 
glvcaemmia may be difficult since the extent of liver disease, 
as assessed by standard liver function tests, does not cor- 
relate with the degree of hypoglycaemia. Therefore, other 
causes of hypoglycaemia should akwave be sought in a 
patient with hypoglycaemia and abnormal ‘liver function 
tests”. The hypoglycaernia associated with congestive 
heart failure, septicaemia and Reve's syndrome is thought 
to be due to hepatic mechanisms. 


Hypoglycaemin associated with non-islet cell 
tumours 

À wide variety of tumours have been associated with hypo- 
glycaemuia (Table 15.4), Meseénchymal tumours account 
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LE Tremoners af the conmective risntees (rmesemetrynmanl) 
_ Mesothelioma 
Fibromn, neurofibromma and Ghrosarcona 
| Khabdomyosarcoms 
| Liposarcoma 
Tumouwrs of epithelsal origin 
Heparoma 
| Adrenocortical carcinoma 
Wilms’ vumour and hypernephroma 


| Prostatic carcinoma 


Carcinonss of the cervix 


Tumoturs of haemaoponttiic origin 
Leukaeria 

Lyraphoma 

Mycloma 

Apudomas 

Carcinoud tumeurs 





for 45-64% of the reported cases and hepatomas, the 
most common epithelial tumours to Cause hypoglycaemia, 
account for 22% of cases. Most patients are elderly and 
present with predominantiy neuroglycopenic symptoms 
which may antedate the recognition of the existence of the 
tumour by many years. In most cases, especially those due 
to large mesenchymal tumours, the tumour is readily 
detectable by physical or radiological examination but in 
others, the tumour may be small and difficult to detect. 
Plasma insulin and C-peptide are almost invariably sup- 
pressed during hypoglycaemic episodes. The treatment of 
the hypoglycaemia is sympromatic, with administration 
of glucose orally or intravenously. Definitive treatment 
should be aimed at the primary tumour and successful 
treatment with surgery, radiation or chemotherapy usually 
results in amelioration of the hypoglycaernia. 

Several mechanisms by which these non-pancreatic 
tumours produce hypoglycaemia have been proposed. 
Increased glucose uptake by tumours coupled with a re- 
duction in hepatic production of glucose has been sug- 
gested. Weight loss and cachexia may greatly reduce the 
flow of gluconeogenic substrates and contribute to the 
hypoglycaemia. 

In recent vears, the possibility that these tumours 
produce peptides with insulin-like activity has been exten- 
sively investigated. Non-suppressible insulin-like activity 
(NSILA) in plasma can be attributed to two components: 
one is a group of substances which are soluble in acid 
cthanol (NSILAs) and the other group of substances 
precipitate in acid ethanol (NSILAp). Increased levels of 
NSILAp have been reported in some patients with non- 
islet cell tumours and hypoglycaemia but other patients 
with tumours and similarly elevated levels of NSILAp are 
not hypoglycaemic. 


The NSILAs component can be largely accounted for 
by the two insulin-like growth factors 1 and 2 (IGF1 and 
IGF2), also known as somatomedins. IGF1 is mainiy un- 
der the control of integrated growth hormone output and 
is modulated by insulin and nutriional status. In hypo- 
glycaemia associated with high circulating insulin levels, 
plasma IGF1 concentrations are higher than those in con- 
trols. Conversely, low circulating plasma IGF1 concentra- 
tions have been consistently reported in patients with 
non-islet cell tumour-induced hypoglycaemia and the 
ratio of IGF1 to IGF2 is low. Elevared levels of IGF2 have 
been observed in some, but not all, patients with tumour- 
induced hypoglycaemia. The conflicting data may be due 
to methodological differences or storage conditions. High 
levels of IGF2 mRNA have been reported in Wilms’ tu- 
mours and more recently, high concentrations of IGF2 
were found in phaeochromocytomas and a leiomyosar- 
coma, Although these findings suggest that IGF2 may be 
a factor in the hypoglycaemia which occasionally occurs in 
these tumours, the serum levels of IGF2 are only mod- 
estly elevated and may not have been sufficient to produce 
hypoglycaemia. 

Recently, tumour necrosis factor (TNF &) has been 
shown to increase in vivo glucose utilizanion by macro- 
phage-rich tissues, increase the rate of glucose transport 
and increase insulin receptor number. However, the 
ability of TNF to induce sustained hypoglycaemia in 
experimental animals has not been established. Whether 
cytokines, released by tumours or macrophages activated 
by tumours, play a role in tumour-associated hypoglycae- 
mia remains to be seen. 


Hypoglycaemia due to endocrine deficiencies 


Endocrine deficiencies, especially those involving the pi- 
tuitary and the adrenal glands, are well-recognized causes 
of hypoglycaemia. Spontaneous hypoglycaemia due to 
pituitary insufficiency is more commonly seen in neonates 
and children than in adults and may occasionally be the 
presenting symptom, especially in the elderly. The hypo- 
glycaemia is mainly due to growth hormone deficiency 
but the associated deficiency of ACTH accentuates the 
tendency to hypoglycaemia. The diagnosis is usually 
suspected on clinical examination and is confirmed by ap- 
propriate combined pituitary function tests (see Ch. 18). 
Plasma insulin and C-peptide levels are both appropri- 
ately suppressed but 3-hydroxybutyrate levels are not sup- 
pressed, indicating that ketogenesis may not be impaired 
in the absence of growth hormone. The hypoglycaemia 
in this setting should be treated with both glucose and 
hydrocortisone. 

Spontaneous hypoglycaemia is also well recognized 
in isolated ACTH deficiency and growth hormone defi- 
ciency and has been observed in adults with isolated 
growth hormone deficiency after prolonged fasting. 


Hypoglycaemia is uncommon in primary adrenal insuf- 
ficiency (Addison'’s disease); when it occurs, it is mainly 
due to impaired gluconeogenesis, Patients with Addison's 
disease are sensitive to fasting and hypoglvcaermia can be 
precipitated by missing a meal and hy exercise. Alcohol, 
by further impeding gluconeogenesis, may also provoke 
hypoglycaemia in these patents. Plasma insulin and C- 
peptide levels are appropriately low and 3-hydroxybuty- 
rate levels are high. Hypoglycaemia occurring in acute 
adrenal insufficiency (Addisonian crisis) is a medical 
emergency and requires immediate correcuon by intra- 
venous infusion of glucose in addition te hydrocortisone 
and other measures. 

Congenmital adrenal hyperplasia (adrenogenital svn- 
drome} 1s a rare cause of neonatal hypoglycaemia. In the 
majority of cases, cortisol deficiency is not often severe 
due to a compensatory increase in ACTH secretion. 

Although untreated hypothyroidism is associatéd with 
some lowering of fasting blood glucose levels, sympto- 
matic hypoglycaemia has only been reported in a few 
cases and its existence has been questioned. Deficiency of 
other hormones, such as adrenaline and glucagon, does 
not Séem Lo cause hypoglycaermia. 


Drug-induced hypoglycaemia 


Sulphonvlurea drugs, either singularly or in combination 
with other drugs, account for the majority of drug- 
induced hypoglycaemia. They are by far the most com- 
mon cause of hypoglyvcaemia in diabetic patients over 60. 
Additional important precipitating factors are restricted 
carbohydrate intake, liver and renal impairment. Sulpho- 
nylures drugs can cross the placental barrier and stimulate 
insulin sécretion in the fetus, Life-threatening hypoglycae- 
mia has been reported in newborn infants of diabetic 
mothers who were treated with chlorpropamide during 
the third trimester. Sulphonvylurea-imduced hypoglycae- 
mia may be prolonged, especially in those with renal 
inpairment, lasting for up to 7 days and necessitating 
continuous treatment. Mortahty is high, ranging from 
7.3%o-8,4%, and in attermpted suicide with sulphonvlures 
drugs, the mortality is even higher with seven deaths out 
Of 20 reported cases. 

Salicylates overdose has been associated with hypa- 
glycaemia in children. In adults, therapeutic doses of 
salcylates have been shown to lower the blood glucose 
concentration in both diabetic and non-diabetic patients. 
The mechanisms by which salicviates produce hypogly- 
Caernia are unknown. Enhancing insulin secretion and in- 
hibiting hepatic gluconeogenesis are possible mechanisms. 

Non-selective B-blockers, e.g. propranolol, in thera- 
peutic doses may induce hypoglycaemia, particularly in 
the presence of other precipitating factors such as liver 
disease, fasting or strenuous exercise, Hypogiycaemia has 
also been reported in newborn infants of mothers who 
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were treated by propranolol until hours before delivery. 
The mechanism is thought to be through the prevention 
of the normal glucagon-mediared glycogenolytic and 
gluconeogenetic responses by the liver, In diabetic 
patents, propranolol may mask the adrenergic symptroms 
of hypoglycaemia (except sweaung) but may also delay 
recovery from hypoglycaemia because this requires mobi- 
lization of glucose from liver. Selective B.-blockers, eg. 
atenolol and metoprolol, have a lesser effect because the 
hepatic B-adrenoreceptor is of the B.-subrype, The advan- 
tage of a selective f-blocker is limited to a faster recovery 
phase from hypoglycaemisa. 

Quinine stimulates insulin secretion and its intravenous 
use in the treatment of falciparum malaria has been asso- 
ciated with profound hypoglvcaemia. Plasma insulin and 
C-peptide levels are both elevated, indicating increased 
endogenous secretion. Falciparum malaria, especially in 
children, can itself cause hypoglycaemia. This, however, 
is associated with suppressed plasma imsulin levels and is 
probably due to high glucose uptake by the parasiized 
crythrocytes, Renal failure, hepatic dysfuncrion and star- 
vation are common in malaria and may be additional 
factors in précipitatung the hypoglycaemia, Symptoms of 
hypoglycaemia may be mistaken for those of cerebral ma- 
laria and blood glucose should always be momitored in 
these patients. 

Pentamidine, a biguanide derivative, has a direct toxic 
effect on B-cells causing release of preformed insulin and 
hypoglvcaemia. This can be followed by B-cell déstruction 
with ultimate insuhn deficiency and diabetes. Pentramu- 
dine is used for the treatment Of Preumocystis cars 
infection and there are at least 30 case reports of severe 
pentamdine-induced hypoglycaemia during treatment of 
pneumocysus pneumonia in undernourished patients with 
AIDS. 

Disopyramide, an antiarrhythmic drug, has also been 
associated with severe hypoglycaernia, particularly in 
elderly patients with renal or hbepatic impairment. 

Other drugs which have occasionally caused hypo- 
glycaemia include lidocaine, sulphonamides, dextropro- 
poxyphene and p-aminobenzoic acid. 


Alcohol-induced fasting hypoglycaemia (fasting) 


Alcohol can be associated with both fasting and reactive 
hypoglycaenma (see later). Séveral mechanisms may be 
operational im alcohol-induced fasting hypoglycaernia but 
the most important is direct mbibition of gluconeogenesis. 
This is mainly due to accumulation of NADH and in- 
creascd NADH/NAD tatio resulting from the oxidation 
of ethanol. 

Hypoglycaermia characténisticalls occurs 6-36 hours 
after ingestion of moderate to large amounts of alcohol, 
mostiy in malnourished chrome alcohohcs. Occasionaily, 
it can occur in healthy binge drinkers or in children after 
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a relatively small amount of alcohol. Patients present with 
neuroglycopenié symptoms includimg stupor and coma. 
The patient’s breath may smell of alcohol and the symp- 
coms may be mistaken for acute alcoholic intoxication. 
Therefore, delayed recovery from a presumed alcoholic 
intoxication should alert the dector to the possibihty of 
hypogl-cacmia. 

The blood glucose level is usually below 2.0 mmolL 
and alcohol is nearly always detectable in the blood, 
though the concentration js not necessarily verv high. 
Severe metabolic acdoss with high bloud lactate concen- 
tration is à characterisuic feature. Hyperketonacmua and 
ketonuria are almost invariably present but prédominantiy 
in the form 6f 3-hydroxybutyrate, since the accumulation 
Of NADH suppresses the conversion of 3-hydroxvbutyrate 
to acetoacetate, Ketosis may, therefore, go unrecognized 
il methods which only detect acetoacetate are emplosed 
(e.g. Rothera’s reaction or Ketostix). Plasma insulin and 
C-pepude levels during the hypoglycaemia are usually ap- 
proprately suppressed. Prompt diagnosis and treatment, 
with intravenous glucose, :s essential since mortality 15 
relatively high, Glucagon is not éflective because hepatic 
glycogen stores are depleted by the time hypoglycacma 
ensues. 

Alcéhol potentiates the hypoglycaemic effect of insulhin 
and sulphonvlurea drugs. In insulin-treated diabetics, in- 
gestion of alcohol may produce profound hypoglycaemia 
which can be fatal, Hypoglycaemua, resulting from the 
combined effect of alcohol and suiphonylurea drugs, 
tends 15 be less profound possibls because diabetic pa- 
tients receiving these drugs tend to be obese and, there- 
fore, are in part protected from the hypoglycaemic effects 
of alcohol. 


Hypoglycaemia due to deficient energy intake 


Symptomatic hypoglvcaenna 15 well recognizezi in starva- 
üuon and has been observed in patients with protein-calorie 
malnutrition and anorexia nervosa. The hypoglycaemia 1s 
usually due to reduced hepatic glycogen reserves as well as 
gluconeogenic substrates, In addition, the lack of ketosis 
due to markcdiv depleted fat stores deprives the central 
nervous system of an alternative source of energy. he 
major risk factors are low body weight and intercurrent 
infection. Compulsive excessive exercise in patients with 
anorexia nervosa may also be a factor. Plasma insulin and 
C-peptide levels are appropriately suppressed. Despite 
low circulaung insulin levels, 3-hydroxybutyrate levels are 
low due to depleted fat stores. Hypoglycaemia in anorexia 
nervosa has a poor prognosis. 


Autoimmune hypoglycaemia 


Two saurtoimmune syndromes which can cause hypogly- 
caemia have been described. In one syndrome, antibodies 


bind insulin receptors mimicking the action of insulin and 
producing fasting hypoglycaemia. Most patents with 
this syndrome also have evidence, either in the laboratory 
or chnicallv, ef other autoimmunc discases such as sys- 
temic lupus erthematosus, primary biliarv cirrhosis or 
Häashimoto’s thyroidins. Laboratory investigations show 
high plasma insulin levels but suppressed C-peptide 
levels, similar to the findings with surrepritious adminis- 
tration of insulin. Therefore, the demonstranon of the 
presence of antibodies directed against the insulin re- 
ceptor 1s éssential to make the diagnosis, The hypoglvcae- 
mia seems to respond rapidiy to high doses of steroids but 
not to immunosuppression or plasmapheresis, Prognosis 
is poor but in those who survive, the antireceptor anti- 
bodies disappear and remission occurs over several 
months or years. 

The auroimmune insulin syndrome, in which auto- 
antibodies are directed towards insulin, has been reported 
mainly in Japan and 15 extremely rare, This syndrome is 
classically associated with reactive hypoglvcaemia but may 
rarcly cause fasting hypoglycaemia. Most patients are 
middie-aged with no history of previous admunistration 
of insulin and may have evidence of other autoimmune 
diseases such as Graves’ disease, rhcumatoid arthritis or 
systemnic lupus erythematosus. An association with admin- 
istration of certain drugs such as hydralazine, procain- 
amide, perucillamine, glutathione and carbimazole has 
also been suggested. Several possible mechanisms for the 
hypoglycagemia have been suggested. The sudden dissocia- 
tion of insulin from the antibodics is the most plausible 
one. Laboratory investigations reveal high plasma insulin 
levels but because the insulin is produced endogenousls, 
C-peptide levels are not suppressed, The majority of cir- 
culating insulin is bound to antibodies and the demonstra- 
ion of the presence of anti-insulin antibodies js essential 
to make the diagnosis. 


Septicaemia 


Bacterial septicuerma, especially Gram-negative, can oc- 
caaonally cause hypoglycaermia. Ît has been postulated 
that cytokines produced by macrophages in response to 
endotoxin stimulation may induce hypoglycaemia by in- 
creasing insulin secretion. The endotoxins released may 
also have a direct hypoglycaermic effect, probably bv imhuib- 
iting gluconeogenesis. Renal failure, which is often associ- 
ated with septicaemia, may also be an important factor in 
thé pathogenesis of the hypoglycaermia. 


Exercise-related hypoglycaemia 


Exercisc is associated with a marked increase in glucose 
uptake by muscles, During the first 5-10 min of severe 
exercise, glucose is supplied by the breakdown of muscle 
glycogen but by 40 min 75-90% of the glucose is supplied 


by the blood, mainly from increased hepatic glucose 
production, Initially, 75% of increased hepatic glucose 
output is derived from giycogenolysis and 25% from glu- 
concogenesis. With prolonged exercise, gluconeogenesis 
becomes more important and centnbutes up to 45% of 
the total hépatic glucose output. Decreased plasma insulin 
and increased catecholamines, glucagon, cortisol and 
growth hormone concentrations all contribute 10 the in- 
creased hepauc glucose output. Îf hepatic glucose produc- 
tion is inadequate, blood glucose cannot be maintained 
during exercise and hypoglycaemia ensues. 

Hypoglycaemua following excessive exercise 15 well 
recogmized and may be severe enough to cause scizures, 
Although exercising to exhaustion can produce hypa- 
glycaemia, the symptoms of exhaustion are not related 
to hypoglycaermmia and glucose administration does not 
modify the time of exercise to exhaustion. 


POSTPRANDIAL OR REACTIVE HYPOGLYCAEMIA 
Alimentary hypoglycaemia 


Hypoglycaemia may occur in patients who have under- 
gone gastric operations such as subtotal gastrectomy and 
pyloroplasty. The incidence of hypoglycaemia in these 
patients ranges from 5% 10 37%. Following a high carbo- 
hydrate meal, the plasma glucose may rise to higher than 
normal due to rapid gastric emptving and rapid absorp- 
tion of nutrients, This early hyperglvcaemia stimulates 
excessive insulin release which results in a rapid fall in 
plasma glucose and secondary hypoglycaemia. Symptroms, 
which are usually adrenergic, occur 2-3 h after ingestion 
of food and last for about 10-20 min. These symptoms 
are different from those of the dumping syndrome (flush- 
ing, sweating, abdominal cramps and hypotension) which 
occur within half an hour of eating. Patents with alimen- 
tary hypoglycaemia should be advised to eat frequent, 
small, high protein meals with a low content of refined 
carbohydrate, 


Hypoglycaemia secondary to mild diabetes or 
impaired glucose tolerance 


Some patients with mild diabetes may have symptomatic 
hypoglycaema 4-5 h after a meal., This is probably due to 
a delayed insulin release from defecrive B-cells in response 
to the nsing blood glucose level. Although patients with 
carly diabetes mellitus may have blood glucose levels less 
than 2.8 mmoÏL. 4-5 h following an oral glucose load, a 
minornty of them experience sympioms of hypogiycaemia 
after meals. 


Alcohol-induced reactive hypoglycaemia 


The simultanéous ingestion of alcohol and sucrose, for 
example as ‘gin and tonic’, on an empty stomach may 
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cause reactive hypogiycaemia. This effect is not observed, 
however, when a complex carbohydrate is ingested with 
alcohol, Alcohol has been shown to porentiate the imsulin- 
stimulating effect of glucose. 


Idiopathic reactive hypoglycaemia and the 
postprandial syndrome 


The diagnosis of idiopathic reactive hypoglycaemia is con- 
troversial. Truc idiopathic postprandial hypoglycaemia 
probably does occur in à very small minority of patients. 
The majority of patients, however, with postprandial non- 
specific symproms do not have hypoglycagemia and should 
be referred to as having the postprandial syndrome. 

This syndrome consists of non-specific symptoms, such 
as feclings of vague 1ll health, lightheadedness, dizziness, 
anxiety, palpitations, fatigue, hunger and ‘inner trern- 
bling’, which may resemble the adrenergic symptomes of 
hypoglvcaemia. Many patients, especially those who are 
well informed about hypoglvcaemia from the lay litera- 
ture, state that symptoms are reheved by eating, thereby 
suggesting hypoglycaenua. However, in the majority of 
cases, detailed questioning reveals that symptoms are 
reheved either immediately or within 2-3 min of eating 
fonds such as cheese or bread, which are unhikely to raise 
blood glucose levels in such a short me. Many of the 
patients complain of generalized weakness and inability to 
concentrate in between attacks. The symptoms are not 
progressive but usually last for many years. 

Rehiance on the use of oral glucose tolerance tests in the 
investigation of this condition in the past has led 10 che 
misdiagnosis of reactivée hypoglycaemia in many of these 
patients. The oral glucose tolerance test (OGTT) is inad- 
cquate for detecting true postprandial hypoglycaemia 
since 10% of healthy individuals may have low blood glu- 
cose levels (< 2.6 mmol/L.,) during the test. In addition, in 
many patients with postprandial symptomes the symptoms 
do not correlate with the nadir blood glucose concentra- 
tions and some may even expérience symptoms after a 
placebo oral glucose tolerance test. The OGTT is no 
longer used to confirm the diagnosis of reactive postpran- 
dial hypoglycaermia and has been replaced by either the 
measurement of blood glucose at the time of spontaneous 
symptoms or by the mixed meal test {see p, 287). Self- 
monitoring of blood glucose at home using reagent strips, 
suggested by some, should not be encouraged since many 
patients find that hypoglycaemia is a useful diagnostic 
label and faking the results may serve their purpose, 
Detailed clinical psychuatric assessments of patients with 
the postprandial syndrome showed that the majonity of 
these patients have psychiarric disorders, 

The diagnosis of ‘true’ idiopathic postprandial hypo- 
glycaemia should only be made if: 


1, Symptoms compatible with hypoglycaemia occur at 
definite intervals after meals; 
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2. Symptoms are associated with demonstrable bio- 
Chemical hypoglycaemia (defined as blood glucose of less 
than 2.8 mmol/L) either during spontaneous symptoms or 
following a mixed meal; 

3. Symptoms do not occur at other times, when the 
individual is normoglycaemic. 

In these cases, a diet low in refined carbohydrate and 
high in fibre is usually sufficient to relieve the symptoms. 


Inborn errors of metabolism 

Several inborn errors of metabolism can produce hypo- 
glycaemia as one of their major clinical manifestations 
(Table 15.5). These disorders are almost invariably diag- 
nosed in childhood (see Ch. 23) but in mild cases, the 
diagnosis may not be made until middle life. The hypo- 
glycaemia is usually of the fasting type but in some dis- 
orders, it only occurs following the ingestion of certain 
types of food, e.g. in galactosaemia or hereditary fructose 


intolerance. 





SUMMARY 


Hypoglycaemia hterally means low blood glucose concen- 
tration. Many apparently healthy subjects may have low 
blood glucose concentrations 3-5 h after ingestion of glu- 
cose or during a prolonged fast, Pathological hypoglycae- 
mia should, therefore, be defined as a climcal syndrome in 
which symptoms of hypoglycaemia occur in the presence 
of low plasma glucose concentration and that symptoms 
are relieved by administration of glucose (Whipple’s triad). 
Although it is frequently suspected as a cause of symp- 
toms, hypoglycaemia in other than diabetic patients, who 
are on insulin or sulphonylurea drugs, is rare. 

Fasting hypoglycaemia almost always indicates a seri- 
ous underlying pathology whereas reactive hypoglycaemia 
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usually occurs in the absence of organic disease. A 
thorough history, and in particular the timing of symp- 
toms in relation to food, is essential in determining the 
direction of the investigation, The measurement of plasma 
glucose, insulin and C-pepride concentrations during 
symptoms may be sufficient in confirming the diagnosis 
and establishing the cause of hypoglycaemia, The inability 
to demonstrate a low plasma glucose concentration when 
the patient was symptomatic virtually excludes the diag- 
nosis of hypoglycaemia. In the majority of cases, provoca- 
tion by a prolonged fast in patients with suspected fasting 
hypoglycaemia or a mixed meal tolerance test in patients 
with suspected reactive hypoglycaemia is usually sufficient 
to clarify the diagnosis. 
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16 


Trevor À. Howlett 


INTRODUCTION 


The investigation of disorders of the pituitary and 
hypothalamus, because of their supposed complexity, 
frequently causes great apprehension amongst non- 
endocrinologists, whether they be clinical biochemists or 
general physicians. It is certainiy true that the hypo- 
thalamo-pituitary axis plays the central role in the control 
of a large number of hormonal systems and of many other 
important aspects of homoeostasis. However, the clini- 
cally relevant physiology of each hormonal axis 1s well 
understood and the plasma levels of the majority of the 
hormones secreted by both the pituitary and the relevant 
peripheral endocrine glands can now be readily and accu- 
rately measured in most clinical biochemistry laboratories. 
Thus, a logical approach to the measurement of the rel- 
evant plasma hormone levels, applying basic physiological 
principles, can result in a relatively simple and efficient 
assessment of pituitary function in the majority of cases. 

This chapter will attempt to outline a clinically relevant 
and efficient approach to the assessment of pituitary 
function. In many cases simple measurement of basal, 
unstimulated plasma levels of the appropriate hormone(s) 
will gve all the information required for clinical manage- 
ment. Some of the traditionally used dynamic endocrine 
tests can now be reasonably discarded, while others re- 
main essential and the choice of these will be discussed 
critically. 


CLINICAL ANATOMY OF THE PITUITARY AND 
HYPOTHALAMUS 


The pituitary gland lies within a bony compartment, the 
pituitary fossa or sella rurcica, beneath the hypothalamus 


Hypothalamic and 
pituitary disorders 





Fig. 16.1 
pituitary and hypothalamus. 


Diagram to show the functional anatomy of the human 


to which it is connected by the pituitary stalk. The fossa is 
separated from the subarachnoiïd space and cerebrospinal 
fluid by the diaphragma sellae. The adult human pituitary 
consists of two lobes (the third, neurointermediate lobe of 
other species is not present except in fetal life). The ante- 
rior lobe (adenohypophysis) is embryologically derived 
from cells of Rathke’s pouch. Ir contains a variety of cell 
types differentiated to secreté the majority of the peptide 
and glycopeptide hormones which control the function of 
peripheral endocrine organs: corticotrophs (adrenocortico- 
trophic hormone; ACTH), lactotrophs (prolactin;, PRL), 
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gonadotrophs (lutéinizing hormone and follhicle-stimulat- 
ing hormone; LH and FSH), thyrotrophs (thyroid-stimu- 
lating hormone; TSH) and somatotrophs (somatotrophin 
or growth hormone; GH), The anteror lobe has no direct 
arterial blood supply but is supplied by the portal vessels 
which arise in the median eminence of the hypothalamus. 
The secrenion of anterior pituitarv hormones is controlled 
by releasing and inhibiting factors, which are predomi- 
nantly peptides, released into the portal circulation from 
the nerve terminals of a variety of hypothalamic neurons. 
These neurons in turn are subject to the effects of the 
modulatory neurotransmitters of other neurons, within 
the hypothalamus and beyond. 

The critical role of the portal circulation in the control 
of anterior pituitary function means that any disease proc- 
ess which interferes with this blood supply, for example 
non-functioning tumours of pituitary or hypothalamus, 
will result in severe pituitary dysfuncuion, even if the ac- 
tual hormone-secreting cells of the anterior pituitary have 
not themselves been destroved. 

The posterior lobe (neurohypophysis), in contrast, 1s 
embryologically derived from the brain, has a direct arte- 
rial blood supply and is not controlled via the portal circu- 
lation. Hormonal secretion occurs directly from the nerve 
terminals of vasopressin (antidiuretic hormone) and oxy- 
tocin neurons, whose cell bodies lie within the hypo- 
thalamus, primarily in the supraoptic and paraventricular 
nucleï. 





Both the anteror and postenor lobes contain a variety 
of other cell types. These are not directly responsible 
for hormonal secretion into the peripheral circulation, 
although it appears increasingly likely that they have im- 
portant modulatory or paracrine roles in the control of 
pituitary function. 

Many other important neural structures lie within or 
adjacent to the hypothalamus, notably the opric chiasm 
and the neural centres controlling thirst, osmoregulation, 
appetite, temperature homoeostasis and circadian rhythm. 
Diseases of the pituitary and hypothalamus can result in 
dysfunction of any of these structures, in addition to the 
hormonal syndromes described here. In particular, visual 
field loss due to compression of the optic chiasm :s a 
frequent finding with large pituitary tumours. 

These anatomical relationships indicate that the pitui- 
tary gland is truly at the interface of the mind and body, 
with a central role in homoeostasis, explaining its source 
of fascination for physiologist and physician alike. 


PHYSIOLOGY OF HYPOTHALAMO-PTTUTTARY/ 
END-ORGAN AXES 


The basic physiology of the important endocrine axes 1s 
summarized diagrammatically in Figures 16.2 and 16.3. 
Many additional releasing, inhibiting and modulating fac- 
tors have been identified, primarily in animal experiments, 
but none of these has vet been shown to be of relevance 


! Ptuñtary 


Fig. 16.2 Schemaric representanion of the physological relauonships of the anterior 
pirutury. Hormones (italicized) can be readily measured in most clinical ochemistry 
laboratones. Hormones (emboldened) can be measured with difficulty in a few centres, 
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Fig. 16.3 Schermatic represenranon of the phraclogical relatronshige 
of the postenor prouitary. Hormones (italicised\ can be réadily 
measured in mot climcoal tiochemmastry faborarones, Hormonses 
(emboldened) can be measured with fficulry in à few centres, 


chimically, nor for the understanding of the principles of 
pituitary function testing, Hormones which can be meas- 
ured in the laboratory are indicated in the figures. Pers- 
pheral plasma levels of hypothalamic releasing factors can 
also be measured with diffculty, but for the most part do 
not reflect hypothalamic activity and are not of clinical 
relevance. 

ACTH stimulates adrenal cortisol sécrétion and is 
itself controlled by hypothalamic ‘corticotrophin-releasing 
factor" (CRE). CRE is now known to be a complex of 
factors including a 41-residue peptide (CRF-41 or CRH) 
and vasopressin, which act synergistically, ACTH, and 
therefore cortisol, is secreted with a pronounced circadian 
rhythm; levels are low, frequently undetectable, at mid- 
night (if asléep}, rise in the final hours of sleep to reach a 
peak shortly after wakening in the momming and steadily 
decline throughout the rest of the day, ‘Stress’ (fight and 
flight’, iliness, hypoglycaemia, surgery, etc.) is the other 
major determimant of ACTH/cortisol secretion. 

Secretion of GH is controlled by complementary sti- 
mulatory and inhibitory factors, GH-releasing hormone 
(GHRH; a #i-residue peptide) and somatostatin (SMS; 
a cyclic, lé-residue peptide), respectively. GH secretion 
occurs in pulses, predominantiy at night during the early 
hours of sleep, Only infrequent, small pulses occur during 
the day when plasma levels are usually undetectable, 
although GH secretion also occurs in response te “stress”, 
GH's effects on growth are mediated via synthesis of 
insuln-like growth factor 1 {IGF1 or somaromedin C\, 
which occurs mostdiy in the liver but also in other 
peripheral tissues. 

PRL. secretion is unique in being predominantiy con- 
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trolled by an inhibitory hypothalamic factor - dopamine. 
This fact explains why prolactin deficiency is rare and why 
any disease wluch interferes with pituitary anatomy, and 
thus the flow of portal blood, may be associated with 
hyperprolactinaemia, Plasma PRL 15 raised physiolomcalls 
during pregnancy and lactation and reléase also occurs in 
response to stress, The physiological role of PRL in non- 
lactating women and in men is unknown, 

Hypothalamic thyrotrophun-releasing hormone (TRH, 
a tripepude) controls TSH sécretion which in turn stimu- 
lates the synthesis and secretion of thyroid hormones 
thyroxne (T4) and ti-odothyronine (T3). Secretion 15 
regulated prmarily to maintain normal crculating levels 
of hyroid hormones, although there is also a slight circa- 
dian rhythm. 

LH and FSH are both controlled by a single sti- 
mulatory decapeptide, gonadotrophin-releasing hormone 
GaRH or LHRH). The major role of LH in the male 
is to stimulate testosterone secretion by testicular Levdig 
cells and in the female to stimulate ovulation at midcycle. 
FSH controls spermatogenesis in the male and ovarian 
folicular development and therefore ocestradiol sécrétion 
in the female and in both sexes stuimulates gonadal secre- 
tion of intubin, which is responsible for some negative 
feedback control. The most important feature of the se- 
cretion Of GnRH, and thus LH and FSH, is its pulsatile 
nature imposed by the (umidentifiéd) hypothalamic pulse 
generator. It is likely that differential secretion of LH and 
FSH is achieved by modulation of the frequency and 
amplitude of pulsatile GnRH secretion and the peripheral 
effects of LH and FSH are enitically dependent on appro- 
priate pulsatile variation in levels, GnRH pulses occur, on 
average, every 90 min but in the female are more rapid 
in the follicular phase and slower in the luteal phase of 
the menstrual cycle. During early puberty the majority of 
pulses occur at night, during sleep, 

Vasopressin secretion 1s controlled primarily by osmo- 
tic and blood volume sensing mechanisms. High plasma 
osmolalhty and hypovolaemia or hypotension are the 
major stimulatory factors. Vasopressin acts directly on the 
kidnev to increase water reabsorptiôn in the renal collect- 
ing ducts and thus reduce urine volume. Oxytocin is 
released dunng labour and during suckling, but mecha- 
nisms controlling its secretion have not been extensively 
studied in humans, 

Secretion of all pituitary hormones is controlled, to a 
greater or lesser extent, by negauve feedback. This occurs 
at all levels, including the direct inlibation by a hormone 
of its own secretion (‘ultra-short-loop"}, but the most im- 
portant negative effects are generally those of the peri- 
pheral ‘end hormone” on hypothalamic and/or pituitary 
secretion. The existence of such negative feedback is of 
crucial importance to the interprétation of basal hormone 
levels in pituitary disease and is the basis of a number 
of dynamic tests of pituitary function. 
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ASSESSMENT OF NORMAL PITUITARY 
FUNCTION 
Basal hormonal investigations 


À singie, basal blood sample, especially if taken at 
G.00 arm. can give extensive and, for many purposes, 
complete information regarding pinutary function. The 
blood should ideallv be taken under resting, unstressed 
conditions but, while the stress of major illness or surgery 
sigmibicantiy alters results and thus might cause diagnostic 
érrors when investigating pituitary hyperfunction, minor 
anxiety regarding hospital attendance or venepuncture 
probably has littic significant effect, 

The pituitarv-thyroid axis is fully assessed by the 
simultaneous measurement of plasma thyroid hormone 
levels and TSH, TSH deficiency is simply disgnosed by 
a low plasma total T4 or free T4 level (once artefact due 
to drugs, anubodies, thrroid-binding globulin or the sick 
euthvroid syndrome has been excluded — see Ch. 18) 
without the expected elevation of plasma TSH. In hypopi- 
cuitansm TSH may be low (although rarely undetecrable) 
or within the normal range (inappropriatels for the low 
T4), which represents the most potent argument against 
the use of TSH as the sole screening test for thyroïd func- 
non in a laboratory. OQccasionalls TSH may even be 
shightly elevated, usually when hypopituitarism coincides 
with mild primary autoimmune thyroid failure, but net to 
the very high levels expected from the low T4 value. 

Basal plasma prolactin gives full physiological mforma- 
ion regarding the function of the axis. Levels frequently 
vary from day to day (particularly minor elevations}), s0 
that 2-3 basal samples are usually neccssarv before any 
treatment 15 instituted. 

In the male, a normal basal plasma testosterone (pref- 
crably at 9.00 a.m. in view of the slight circadian rhythm) 
cffectively demonstrates normal LH secretion and demon- 
stration of a normal spérm count would confirm normal 
FSH secretion (although this is rarely performed unless 
infertility 15 an issue), Cronadotrophun deficiency 15 diag- 
nosed by the combination of a low plasma testostérone 
with low or inappropriately “normal” (rather than elevated) 
levels of LH and FSH. 

Assessment of the pituitary-gonadal axis in the female 
is complhicated by thé physiological changes during the 
menstrual cycle, À normal, ovulators plasma progesterone 
is the ultimate biochemical test of the adequacy of the 
entire axis. Spontaneous, normal, regular menstruation 
also excludes gonadotrophin deficiency without the necd 
for addirional biochemical tests. Gonadotrophin defi- 
ciency is suggested in the context of amenorrhoea by the 
presence of a consistentiy low plasma oestradiol in the 
absence of elevation of plasma LH and FSH, although a 
variety of ‘hypothalamic" causes of amenorrhoea also show 
this combination (see below}. À clormphene test may give 
additional information. In postménopausal women (or, 


in the context of long-standing amenorrhoea. arbitrarily 
women aged >50 years) who are not on oestrogen rc- 
placement, the simple absence of the usual menopausal 
elevation of LH and FSH is sufficient to diagnose gonado- 
trophin deficiency. 

Basal plasma cortisol is not always sufficient to diag- 
nose ACTH deficiency or normality because of the circa- 
dian rhythm and since levels which need to be achieved 
during physiological stress are much higher than those 
found under normal basal circumstances. Nevertheless, a 
basal cortisol above 550 nmol/L. in an unstressed indi- 
vidual certainiy excludes ACTH deficiency and in our 
experience a 9.00 a.m. cortisol below 100 nmol/L is never, 
and above 400 nmol/L is always, associated with a normal 
ACTH reserve (see below). 

Basal levels of GH are usually unhelpful in the diagno- 
sis of deficiency, since basal levels in normal individuals 
are usually undetectable, 

Plasma vasopressin and oxytocin levels are measured 
by only a few centres and are not used routinely in the 
assessment of basal pituitary function. Measurement of 
paired plasma and urine osmolalhty on a basal early 
morning sample does, however, give valuable mformation. 
À urine osmolality above 600 mmol/kg excludes diabetes 
insipidus (D) as long as plasma osmolality is normal 
(280-95 mmol/kg). Conversely DH is suggested by an 
elevated plasma osmolality (> 300 mmol/kg) with a urine 
osmolality below 600 mmol/kg. Other combinations are 
non-diagnostic and require a water deprivation test if 
DI is suspecred clinically. Oxmocin secretion is never 
investigated chmcally. 

The order of progression of hypopituitansm with pro- 
gressively severe pituitary disease is usually predictable. 
GH and gonadotrophin secretion are usually most suscep- 
tible to damage, followed by ACTH and TSH with 
PRE deficiency occurring only rarelvy. It is thus unusual, 
although not impossible, for a patient with regular men- 
struation or normal male gonadal function to develop 
ACTH defciency first in the course of their disease. DI 
usually only occurs with very severe pituitary disease, after 
surgery or with diseases primaniy involuing che hypo- 
thalamus. This clinical background may influence the 
degree of investigation considered appropriate in an 
individual case, 


Dynamic tests of the ACTH-adrenal axis 
Insvlin stress test 


The insulin stress test (IST) (or imsulin tolérance rest, 
ITT) has traditionally been the ‘gold standard’ cest to 
assess the adequacy of the ACTH-adrenal axis. After 
adequate hypoglycaemia (blood glucose < 2,2 mmol/L), a 
rise of plasma cortisol to 550 nmol/L, or above excludes 
ACTH and cortisol deficiency. Patients with such a re- 
sponse have been shown to be capable of producing a 


normal adrenocortical response to stressful 1lness, with- 
out the need for replacement therapy. The imcrement 
of plasma cortisol Goes not add additional information 
(except possibly in the diagnosis of Cushing's syndrome) 
and a peak cortisol below 550 nmol/L indicates sdrenocor- 
ucal msufficiency (either primary or secondary). Patients 
with borderline peak responses (450-550 nmol/L) may 
only require steroid replacement during stressful 1llnesses, 
but all other patients require routine replacement theraprv. 

An IST is contraindicated by cardiac disease (an ECG 
should be normal} and by epilepsy (or other unexplained 
blackouts}) and always requires close medical and nursing 
supervision to maintain safety. For this reason alternative, 
simpler tests have been sought, although none has vet 
achieved complete acceprance. À retrospective audit of 
230 IST s in our own laboratory indicated chat patients 
with a basal cortisol below 100 nmol/L. never, and above 
400 nmol/L always, demonstrated a normal cortisol re- 
sponse so that an IST 15 probably unnecessary in these 
patients (which represented 30% of ISTS performed in 
our study) if the only aim is to assess piruitary-adrenal 
reserve. In our experience patients who have recently dis- 
continucd steroid replacement with a basal cortisol below 
200 nmol/L, also never have a normal response, 


Intravenous short Synacthen (tetracosactrin) test 


The use of Synacthen, which is synthetic ACTH, .. to 
test for ACTH deficiency is clearly 1llogical on purely 
physiological grounds, since it directly tests only the adre- 
nal response and not that of the pituitary or higher cen- 
tres. However, presumably since ACTH deficiency leads 
to adrenal atrophy, a number of workers have shown close 
correlarions between the cortisol response to a simple 
intravenous Synacthen test and that 10 an IST and have 
suggested that the forrner is a satisfactory test of the 
ACTH-adrenal axis. 

Many endocrinologists now accept that a plasma corti- 
so! Of 550 nmol/L. or more, 30 min after tetracosactrin 
(250 1e, Lv.) adequately excludes ACTH defciency. 
Lower peak hits have been suggested by some workers 
but have not been adequately validated against responses 
to stressful illness and because of the pharmacological 
nature of the dose of ACTH used for the test (about 1000 
umes physolomcal levels}, seem likely to misdiagnose 
borderline deficiency states. Similarly, all studies which 
have validated the tetracosactnn test as a measure of pitui- 
tary rescrve have used the 30 min plasma cortisol after 
intravenous tetracosactrin; while the traditional intramus- 
cular test might give couivalent information, this has not 
been proven and therefore cannot he assumed. 


Cher tests 


The glucagon test (1 mg, sc) has been advocated to 
assess ACTH and GH reserve when an IST is contra- 
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indicated (with the same criteria for a normal response). 
Glucagon frequently causes nausea and vonuting, normal 
individuals sometimes fail to show à ‘normal response 
and sampling must continue over a 4h penod, making 
thus test an unattractive alternative. 

The metyrapone test (750 mg, orally, 4 hrly for 24 h) 
has been widely used as a test of ACTH reserve, particu- 
larky in North America, measuring the response of urinary 
cortisol precursors or, more recently, plasma 11-deoxy- 
cortisol to blockade of adrenal cortisol synthesis by this 
drug. The test is time-consuming, often unpleasant and 
does not test the response to physiological stress. 

An imtravenous short Synacthen test now scems to be a 
much more appropriate and simpler alternative to either 
of these tests. 


Assessment of growth hormone reserve 
Insulin stress test 


The IST is also the traditional test for the assessment of 
GH reserve. À peak plasma GH after adequate hypo- 
glycaemia of below 20 mU/L confirms GH deficiency 
(and formerly when pituitary growth hormone was in 
short supply, was necessary to qualify patients to receive 
treatment). 

Children of both sexes show subnormal GH responses 
to hypoglvcaemia (and other dynamic tests) in the years 
just preceding puberty (objectively when the bone age is 
> 10 vears), Responses should first be restored by ‘prim- 
ing” with gonadal steroids prior to the test (testosterone 
depot 100mg im., 3-4 davs before (male), ethinyl- 
cestradiol 50 ug oraily for 3 davs {female} or traditionally 
stibocstrol 1 mg orally, b.d. for 48 h (for both sexes). 
Lnder thèse circumstances it should be remembered that 
oestrogen increases cortisol-binding globulin and thus 
invalidates plasma cortisol measurements. 


Cher pharmacological tests 


In an attempt to avoid an IST, a variety of other pharma- 
cological tests of GH reserve have also been used, particu- 
larly in children, including glucagon (as above, or 15 u1g/ 
kg}, clonidine (0.15 mg/m'}, 1-dopa alone or im combina- 
tion with propranolol, arginine infusion (0.5 g/kg), Bovril, 
etc. Use of these tests tends to be a matter of local prefer- 
ence; all tests are associated with rather variable responses 
and the peak GH values used ro diagnose deficiency vary 
from laboratory to laboratory, but arc usually 15-20 mU/ 
L. Às indicated by the number of tests available, none ts 
clearly superior, 


Exercise testine 


GH is released during exercise and some laboratories have 
uscd an exercise test 10 assess GH reserve. Intensive, well- 


300 CLINICAL BIOCHEMISTRY 


controlled exercise (bicycle ergometer or treadmill) may 
exclude GH deficiency (by a peak GH response > 20 mU/ 
L}, but less well-controlled exercise (‘run up and down 
the stars! zs unreliahle. 


Assessment of physioioncal GH sécrenen 


Since GH is secreted mostly during sleep, repeated sam- 
pling at 10-15 min inrervals overnight has been advocated 
to assess physiclogical GH secretion. Clearly the need 
for admission to hospital, demands on night staff and 
the number of assavs involved resrrict thus assessment to 
research studies. 

Sensitive immunometric assays for GH have been 
developed to allow the measurement of GH secretion in 
urine, which reflect physiological GH secretion, Prelimi- 
nary experience with such assays suggests that, where 
available, they may play a role in screening for GH 
deficiency. 

The biological effect of GH secrenion in childhood is 
growth. Many paediatric endocnnologists have therefore 
argued that pharmacological tests of GH secretion are 
relevant and that accurate measurement of height and 
growth velocity is the only requirement to assess accu- 
rately GH secretion. The availabihty of biosynthetic GH 
means that GH therapy no longer needs to be ‘rationed' 
and this approach is therefore quite possible, This ap- 
proach cannot, 6f course, be applied to adults and the lack 
of formal testing may also fail to distinguish those indi- 
viduals with hypopituitanem from those with other causes 
of poor growth. 


KReleasing hormonc tests 


TRH (200 ue, iv.) and LHRH (100 ug, iv.) tests have 
been tradinonally used in combination with the IST to 
assess pituitary resérve in the combined pituitary function 
icst. GHRH testing (100ug, iv.) and CRH testing 
(100 ug, 1,v.) have also more recently been advocared as 
additional tests. 

AIl of these releasing hormone tests assess only the 
readily relcasable munitary pool of their relevant hormones 
and do not assess the ability of the relevant axis to respond 
to appropriate physiological stimuli. When the cause of 
hypopituntansm 15 at hypothalamic level (which 15 very 
frequently the case), then ‘normal’ TRH, LHRH, GHRH 
or CRH responses mav be seen in the presence of def- 
ciency documented by other means. Conversely, ‘sub- 
normal’ responses are often seen when the axis is 
otherwise felt to be normal. Furthermore, a “delaved” 
TRH test (peak TSH at 60 min rather than 20 min), ini- 
tially considered to be charactenistic of hypothalame dis- 
case, is not infrequently seen in primary pituitary disease. 

For these reasons Ï believe that all these releasing hor- 
mone tests should now play no part in routine pituitary 


function testing, but be reserved (if used at all} for the rare 
cases when it 15 wished to differentiate between pituitary 
and hypothalamic deficiency states. 


Other tests of gonadotrophin secretion 
Clommiphene test 


When the differentiation of gonadotrophin deficiency from 
Other causes of ‘hypothalamic amenorthoea” is in doubt, a 
clomiphene test (3 mgkg, maximum 200 mg, daily for 7 
days) may give additional information. Patients with 
organic gonadotrophin deficiency show no increase in LH 
and FSH (measured on davs G, 4, 7 and 10), whéreas 
some patients with hypothalamie amenorrhoea, weight- 
related amenorrhoea or delayed pubéerty show a gonado- 
trophin rise, usually followed by menstruation about 28 
days later in the female. In early puberty LH and FSH 
may show a Charactenstic fall rather chan à rise. 


Assessment of LH puisanhte 


Measurement of plasma LH every 10-15 min for 6-8 h or 
more, when analysed by an appropriate computer algo- 
rithm, allows detailed assessment of LH pulse frequency 
and amplitude. This may give considerable insight into 
pituitary physiology but, in view of the une and number 
of assays involved, is essentially a research tool. 


Dynamic tests of posterior pituitary function 
Water depruation test 


Water deprivation 15 the standard physiological test of 
vasopressin secretion, The patient is observed, without 
access to water, with serial measurements of plasma and 
urine osmolality, urine volumes and body weight over à 
period of up to 8h. 1f only borderline deficiency is sus- 
pected then it is wise, in order to shorten the procedure, 
to ask the patient to take no fluids from midnight before a 
morning test. If DI is clinicaliy severe the patient should 
be allowed free fluids prior to the test 10 avoid severe de- 
hydration. If body weight falls by more than 3% during 
the test, then plasma osmolality must be measured 
urgentiy to exclude severe dehydrarion. 

Normal vasopréssin secretion is demonstrated by a 
urine: plasma osmolality rano of > 2: 1 (or, more simply, 
a urine osmolality > 600 mmol/kg) in the presence of a 
normal plasma osmolality (280-295 mmol/kg). À high 
plasma osmolality {> 300 mmol/kg) with a urine osmolal- 
ity of < 600 mmol/kg is diagnostic of DI. Other intermedi- 
ate responses are non-diagnostic and water deprivation 
must be continued, or repeated, until diagnostic values 
are obtained. Once a diagnostic response has been ob- 
tained then desmopressin (2 1g, i.m.) is administered, free 
fluids are allowed and urinarv osmolality measured hourly 


for 2h. In the presence of DI, full concentration of the 
urine after desmopressin indicates vasopressin deficiency 
rather than nephrogenic DH. 

Patients with primary polvdipsia frequentliy commence 
the test with low urine and plasma osmolality due to water 
overload and mav fail to concentrate the urine adequately 
aftér the standard period of water deprivation since the 
plasma osmolality is frequentiy only increased into the 
low normal range during this time. The renal response 
to desmopressin may also be impaired under these cir- 
cumstances due to “washout of the renal concentrating 
gradients. 


Hypertomic saline imfusten 


Severe DIT can be easily diagnosed by a water deprivation 
test, but mild ot borderline DT, and other more subrtle 
defects of osmoregulation and thirst may lead to equivocal 
findings despite protracted water deprivation. Under such 
circumstances a hypertonic saline infusion (5% NaCl 
infused at 0.06 mL/kgmin for 120 min) may be used to 
more accurately delineate the pathology. Plasma osmolal- 
ity and vasopressin are measured every 30 min and the 
limited availability of the latter means that this test Cannot 
be used routinely in most laboratonies. Discussion of the 
interpretation of this test is beyond the scope of this 
chapter {see Ch. 4 and Bavlis in further reading}, 


Summary: outline protocol for the investigation of 
a patient with pituitary disease 


The multiple tests available and the controversies regard- 
ing their use and interpretation mean that the detail in 
which pituitary function is investigated remains a matter 
for clinical judgement. Î propose the following protocol 
for the initial assessment of à patient with suspected pirui- 
tary disease: 


1, Measure basal pituitary function 
3,00 a.m. sample (see Appendix, p. 311). 

2. If plasma cortisol is < 100 nmol/L then an IST is 
contraindicated and ACTH deficiency can be assumed 
(unless Addison's disease is a possibility or the patient is 
réceiving stéroids). 

3, Treat thyvroid or ACTH deficiencies identified on 
basal levels (hypothvroidism reduces ACTH and GH 
responses 16 hypoglycaerma). 

4. If plasma cortisol is > 100 nmol/L then: 

a. 1 thyroid and gonadal axes and osmolalities are 
normal, the patient 18 of normal starure anc in the 
absence of other evidence of macroscopic pituitary 
discase, then: 

1. if corusol is > 400 nmol/L then pituitary func- 
hon can be assumed to be normal; 
ï. Îf cortisol is <400 nmol/L perform an intra- 


on a single 
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venous Synacthen test, IST only required for 

equivocal responses (peak 400-500 nmol/L). 

b, In the presence of known or suspected pituitary 
disease considered likely to cause hypopituitarism (e.g. 
a large pituitarv macroadenoma) or of other basal defi- 
ciencies then: 

i. where an IST 15 contramndicated, or in patients 
with acromegaly (where GH deficiency is not an 
issue) investigate as in (a). NO alternative tests of 
CH reserve are currently worthwhile in adults; 

ii. at the initial assessment, perform an IST for 
assessment of ACTH and GH reserve except where 
contraindicated, 

5. Replace anv ACTH deficiency identifed (with 
hydrocortisone). 

6. Perform water deprivation test if indicated by symp- 
toms or by the basal osmolahties. 


Monitoring of pituitary function in disease states 
Reassesement after pituitarv surgery 


Pituitary surgery, usually by the trans-sphenoidal route, is 
the recommended therapy for many pituitary adenomss, 
Following surgery, residual normal piruitary function re- 
quires careful monitoring anc reassessment. 

Transient DI is very common in the immédiate post- 
operauve period. However, the presence of nasal packs 
frequently results in a dry mouth so that the patient may 
drink excessive fluid, thereby causing polyuria in the ab- 
sence of DI. Patients cured of acromegaly may also show 
polyuria in the absence of DI due to rapid resolution of 
soft tissue enlargement. It is thus essential that DT is con- 
firmed biochemically before replacement therapy is com- 
menced. Paired urine and plasma osmolalities should 
be checked daily for the first few postoperative days, and 
measured urgentiy 1f symptoms develop, and interpreted 
as outlined above. In borderline Cases with persising 
polyura or nocturia à formal water deprivation test may 
be required following recovery. 

Most surgeons and physicians give glucocorncoid re- 
placement therapy during the immediate perioperative 
period, One week postoperatively, or earlier if considered 
chrically appropriate and the patient is well, the evening 
replacement dose should be omitted and 9,00 a.m. 
plasma cortuisol measured next morning prior to the next 
dose. IF a same-day cortisol result is available then the 
patent can remain off réplacement, which should other. 
wise be restarted pending the result. À 9.00 a.m. cortisol 
below 100 nmmol/Ll, indicates the need for contmucd, 
possibly hfelong replacement therapy. If cortisol 1s above 
160 nmol/L then the patient can remain off replacement 
pending further reassessment. In such patients 1 prefer to 
perform an IST in the immédiate postoperative period to 
assess fully ACTH and GH reserve prior to discharge 
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from hospital. An intravenous Synacthen test is invalid as 
a test for ACTH reserve until about 2 weeks postopera- 
uively; patients with à 9.00 a.m. cortisol above 300 nmol/L. 
can be safely discharged without replacement therapy 
pending such a test, but would require steroid cover for 
intercurrent illnesses unul the result is known. 

Basal thvroid and gonadal function should be checked 
l week postoperatively. In view of the long plasma half-life 
of T4, thyroid function should be reassessed at | month 
or carlier if the initial results are borderline, At 1 wcek, a 
frankty low plasma testosterone in the male is usually 
diagnostic of ongoing gonadotrophin deficiency requining 
replacement therapy. Lack of elevation of gonadotrephins 
in the postmeénopausal female is also diagnostic. In both 
cases borderline results require repeat at | menth. In the 
premenopausal female early results may be misleading 
and it 15 wise 10 wait 2-73 months to assess the réturn of 
menstrual cychicity prior to commencing replacement 
therapy. 


Montioring after prhatarv irradiation 


Pituitary irradiation is frequently employed in the treat- 
ment of pituitary tumours, and the hypothalamus and pi- 
tuitary are also within the field of whole brain irradiation 
used for other diseases. AIl these cases are at risk of slowly 
progressive hypopituitarism over at least the next 20 vears 
and réquire regular monitoring. lhe order of progression 
is typically GH deficiency occurnng early, LH and FSH 
deficiency next and TSH and ACTH deficiency at a later 
stage, The lesion appears to be primarily at hypothalamic 
level and PRL deficiency therefore rarely, 1f ever, occurs. 

Development of GH deficiency in children is best 
assessed by careful monitoring of growth, For all other 
hormones basa] 9.00am. pioutary function (see Ap- 
pendix, p.311} should be checked sannually, with a 
subsequent intravenous Synacthen test when cortisol 1s 
<400 nmol/L. (Where facilities are available, a routine 
annual Synacthen test may actually prove more an efficient 
use of both the patients and the laboratory's time.) 


Meontrorne tn other pitutary disease states 


Not all pituitary diseases result in progressive pituitary 
failure, so that the need ro monitor pituitary function in 
such patients is a matter of chimcal judgement. 

Patients with large pituitary mass lesions, granulorma- 
tous disease of pituitary or hypothalamus, or unexplained 
acquired partial hypopituitarism certainiy require moni- 
tormg of remaining pituitary function which should be 
performed annually as above, at least for the first few vears 
of follow-up, Conversely, patients with microprolactino- 
mas whose prolactin is suppressed on therapy, or patients 
with clearly defined isolated pituitary deficiency syndromes 
such as Kallman’s syndrome, are at minimal risk of 


progressive hypopitutansm and do not require regular 
monitoring in the absence of symptoms. Isolated GH defi- 
ciency in childhood is sometimes followed by other pitui- 
tary deficiencies in adult Hfe, but it is as yet unclear 
whether this occurs sufficientiy frequently 10 justify regu- 
lar monitoring, 


OTHER DIAGNOSTIC TECHNIQUES IN 
PITUITARY DISEASE 


Clinical assessment 


Endocnnologisrs connue to rely on chimcal assessment to 
determine the need for further biochemical confirmation 
of diseases of the pituitary and hypothalamus. Cushing's 
syndrome and acromegaly are thus rarely investigated un- 
less first suspected clinically because af the relevant symp- 
toms and signs. Similarly genadotrophin deficiency 318 
usually suspected by the development of loss of Lido in 
both sexes, amenorrhoea in the female and impotence and 
loss of secondary sexual hair in thé male, DI results in 
thirst and polyuria, usually manifest in the earliest stages 
by nocturia {since urine is normally maximally concen- 
trated overnight). Indeed, a biochemical nihilist might 
reasonably argue that there is no point in assessing these 
axés unless these chimcal symptomes or signs are present, 

TSH deficiency may lead to typical symptoms and 
signs of hypothyroidism (Ch. 18}, although these are 
usually less severe than in primary thyroid disease, ACTH 
deficiency may result im general malaise, postural hypo- 
tension, headaches and abdominal pains and weight loss 
(pituitary cachexia). These symptomms of deficiency are 
clearly non-specific and biochemical assessment is essen- 
tal to confirm or denv deficiency. 

Masses enlarging within the pituitary and hypothala- 
mus frequentiy exert pressure on the optic chiasm and 
thus cause visual field loss, typically à bitemporal hemi- 
anopia. Clinical assessment of visual fields by confronta- 
tion and by formal charting is thus an essential part of 
assessment of the patient with pituitary disease. Large 
lateral extensions of pituitary rumours may more rarely 
result in cranial nerve defects, the Cavernous sinus syn- 
drome or even temporal lobe epilepsy, and inferior exten- 
sions very rarely cause spontaneous CSF rhinorrhoea. 

Finally, panhypopituitarnism 1s an unusual cause of 
unexplained hyponatraemia or hypoglycaenua and should 
always be considered during the investigation of these 
disorders. 


Pituitary imaging techniques 


High resolution CT scanning of the pituitary, with high 
dose intravenous contrast, has been until recently the 
usual method of imaging the piruitary. Direct coronal sec- 
tions or close axial sections with sagntal and coronal re- 


constructions give good information regarding pituitary 
anatomy in MOSL CASES. 

MRI scanning of the pituitary, with and without gado- 
limium enhancement, 15 not ver widely available in the 
UK, but provides even better anatomical assessment, 
avoiding the artefacts which often degrade CT images. 
MRI is certain to become the investigation of choice im 
due course. 


PITUITARY HYPERSECRETION STATES 


Pituitary hvpersecreuon states are most usually associated 
with a benign pituitary adenoma synthesizing and secret- 
ing the relevant hormone. Tumours may be subdivided 
into microadenomas (<10mm diameter) and macro- 
adenomas (> 10 mm), Functioning tumours are only very 
rarely malignant, Hyperplasia of the various cell types 1s 
also described but, with the exception of ectopic secretion 
of hypothalamic releasing hormones, is poorly defined. 


Prolactinoma 
Differential diagnosis of hvperprolactinaemta 


À prolactinoma, or prolactin-secreting pituitary adenoma, 
is the commonest functioning pituitary adenoma. How- 
ever, hyperprolactinaëémia has many causes other than a 
prolactinoma (Fig. 16.4). 

Any pituitary tumour or mass which 15 large enough to 
impede pituitary portal blood flow can result in hyper- 
prolactinaemia by preventing hypothalamic dopamine 
from reaching the normal piruitary lactotrophs. Adeno- 
mas causing acromegaly also occasionally secrete PRL 
directly in addition to GH. The differentiation of a pro- 
lactinoma from à functuonless pituitary tumour may there 
fore sometimes be difficult, although biochémical results 
give some assistance. À plasma PRL above 5000 mUYL is 
almost always due to à prolactinoma and levels may reach 
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Fig. 16.4 Causes of hyperprolactinaemus. 
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several hundred thousands, Plasma PRL below 5000 mU/ 
L may be due te a prolactinoma, a functionliess pituitary 
tumour {adenoma, craniopharvngioma, etc.) or due to 
any of the other causes shown in Figure 16.4. [It is most 
unlikely for a large macroprolactinoma to be associated 
with PRL levels in this range. Conversely, while a small 
nmucroprolactinoma may be associated with an elevated 
prolactin at any level, a small functionless microadenoma 
is unlikely to elevate plasma PRL into the thousands. 
Thus, when PKL is raised but < 5000 mU/L, the smaller 
the adenoma seen on CT 6r MARI scan, the more likely it 
is to be a prolactinoma and vice versa, 

Any drug with dopamune antagonist effects will cause 
hyperprolactinaemia. Unfortunately thus includes almost 
all antiemetics (metoclopramide, prochlorperazine, dom- 
peridone) and most major tranquillizers (chlorpromazine 
and other phenothiazines, haloperidol, etc), À careful drug 
history is therefore essential in the assessment of hyper- 
prolactinaermia. Antiemetics can usually be discontinued, 
but antipsychotic medication usually needs to be continued. 

Primary hypothyroidism is frequently associated with 
hyperprolactinaemia in the low thousands (and with 
galactorrhoca and oligo-amencrrhoca} which resolves 
with thyroid replacement therapy. Renal fulure causes 
hyperprolactinaemia of à similar level, Measurement of 
thyroid function and urea or creatinine is thus essential 
in any patient with hyperprolactinaemisa, 

Mild and often intermittent hyperprolactinaemia 
(usually < 1000 mUJ/L) is often seen in polycystic ovary 
syndrome. In the appropriate clinical context (hirsurism, 
acne, obesity) assessment of plasma androgen levels may 
therefore be indicated (Ch. 21. Major ‘stress’, for exam- 
ple hypoglyvcaemia, also elevates plasma PRL but it is 
far from clear whether psychological stress or fear of 
venepuncture 14 able t6 do so. 

Finaliy, it should be remembered that by far the com- 
monest cause of a state of hyperprolactinaemia and amen- 
orrhoea is pregnancy and lactation, À pregnancy test may 
be indicated. 


Role of dunamuc tests of PRL secretion 


In order to assist the differential diagnosis of hyper- 
prolactinaemia, a number of dynamic tests of PRL 
sécrétion have been advocated and used, particularly in 
continental Europe. Such tests include the TRH test, 
meétoclopramide test and dompendonc test. None of these 
tests gives clear differentiation between prolactinomas and 
other causes of hyperprolactinaemia and they have no role 
in routine biochemical assessment, 


Assessment of remaining fPiulary function 


Few patients with small microprolactinomas have def- 
ciencies of other pituitary hormones, but conversely a 
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funcuonless macroadenoma can Cause sevére hypopitui- 
tanism associated with mild hyperprolactinaemia. Clearly 
not every patient with a high PRL requires full piruitary 
function testing. My own arbitrary practice is to perform 
basal anternor pituitars function tests and a CT or MRI 
scan whenever the plasma PRL is consistently above 
1000 mU/L but not Gtherwise unless there are relevant 
SYIMPIOIMS O7 SIENS. 


Outiine of presentation and management of prolactinoma 


In the female, hyperprolactinaemia causes oligo- or amen- 
orrhoen, galactorrhoea and breast tenderness, poor libido 
and infertility. Patients may present with any combination 
of these symptoms, with or without other signs of pituitary 
enlargement such as visual feld defects, In the male, poor 
libido and impotence are the only early symptoms and 
patents frequently present at a later stage with visual field 
loss, with or without headaches. Development of a pro- 
lactinoma in the peripubertal period can also result in de- 
laved or arrested puberty in both sexes and a plasma PRL 
is thus an essential part of the assessment of such cases. 

The management of a prolactinoma is pnmarily medi- 
cal, using dopamine agonist therapy which can suppress 
plasma PKL to normal and cause chmical remission of all 
symptoms. The only commoniy available drug is bromo- 
cripune, although newer, longer acting alternatives are 
under development (cabergoline, quinagolide). In addi- 
on to lowering PRL and rehieving symptoms, dopamine 
agonist therapy also causes dramatic shnnkage of macro- 
prolactuinomas in à majority of cases with resolunon of 
pressure effects such as visual field loss. Such tumour 
shnnkage is the ultimate non-invasive method to distin- 
guish a prolactinoma from other pituitary lesions causing 
hyperprolacunaermia, In a majonty of prolactinomas the 
hyperprolactinaemia will recur f dopamine agonist therapy 
is stopped, s0 that trearment is usually long-term. 

Alternative thérapies for a prolactinoma include trans- 
sphenodal surgery and pituitary wradianion. 


Momtorng the response to dopamine agonist therapy 


The aim of dopamine agonist therapy 1$ to suppress 
plasma PRL into the normal range. The dose of dopamine 
agonist 13 usually <lowly increased with séquential PRL 
estimations until this is achieved. Thereafter plasma PRL 
would normally be measured at each clinic visit, although 
these need only be annual in patients on long-term therapy. 

Difficulty arises when plasma PRL fails to suppress 
fully on oral dopamine agomist therapy in high or maxi- 
mum tolerated doses, Under these circummstances the dif- 
ferentiation between patient non-compliance and tumour 
dopamine resistance can often be difficulr. In selected 
patients this problem may be resolved by measunng PRL 
during a dopamine infusion (4 pg/kgfmin for 3 h} or after 


inection of a depot dopamine agonist (after 24h). In 
both cases PKL should fall to the normal range in the 
case of non-compliance, but remain elevated in the case 
Of resistance, 


Acromegaly 
Dhagnosis of acromegaly 


The diagnosis of acromegaly is usually suspectéd clinicaily 
belore any biochemucal tests are performed. However, by 
the time acromegaly is clinically completely obvious, the 
patent may have already suflered considerable morbidity 
from soft tissue changes, arthritis, hypertension, diabetes 
and consequent Cardiovascular disease. Because of this 
we should aim to diagnose acromegaly at an early stage, 
when climcal signs are less absolute and differentiation 
from normality can only be confirmed by biochemical 
investigations. 

Basal GH and IGFI estimation Since GH rises 
with stress It 15 conventional wisdom that isolated, ran- 
dom plasma GH estimation 1s unhelpful in the diagnosis 
of acromegaly. However, as mentioned above, few pulses 
of GH secretion normalls occur during the day and basal 
levels have been shown in detailed studies to be below the 
detection limuts of most assays for much of the day, In 
acromegaly, in contrast, GH remains detectable through- 
out the dav (although absolute values vary from patent to 
patent from below 19 16 over 160 mU/L). For this reason 
it is my practice, when wishing to exclude an unlikely 
diagnosis of acromegaly, to simply check a single bhasal 
CH, preferably postprandial, in the first instance; a GH 
< 1 mUYL excludes acromegaly but detectable values re- 
quire a formal GUT. 

Plasma IGFI levels are entirely GH-dependent, el- 
evated im acromegaly and, in view of their longer plasma 
half-life, theorencally represent the simplest test to diag- 
nose and monitor acromegaly. However, assays for IGF1 
have been unreliable in the past and réliable assays are still 
not widely available in the UK. In current assays patients 
with very muld acromegaly mav also have normal plasma 
IGF1 levels, It is possible, in time, that such measure- 
ments will become the screening test of choice. 

Crlucose tolerance test The 75 g glucose tolerance 
test (Cr IT) remains the ‘gold standard’ test for the diag- 
nosis of acromegaly. After glucose, plasma Gi in normal 
individuals is suppressed to < 1 mU/L (chat 15, undetect- 
able in most assays). Patients with acromegaly fail to show 
complete suppression and may show a paradoxical rise of 
plasma GH. Failure of GH to fall below 1 mU/L is highly 
suggestive of acromegaly, even 1f substantial suppression 
Of GH has occurred, 

Failure of normal glucose suppression of GH may 
occur in the absence of acromegaly in hiver disease, poorly 
controlled diabetes, renal failure, malnutition including 
anorexia nervosa) and Laron-type dwarfism. 


Urinary GH estimation Measurement of urinary 
GH excretion by sensitive immunoradiometric assay has 
been used for the diagnosis and monitoring of acro- 
megaly. There is currently insufficient expernence to rec- 
ommend its routine use. 

Other diagnostic tests Patients with acromegaly may 
show a paradoxical rise in plasma GH during standard 
TRH or LHRH tests. When acromegaly has been clearly 
diagnosed by other means these tests give no additional 
chinically useful information, but they may help confirm 
mild acromegaly in cases when other tésts are cquivocal, 

In normal individuals plasma GH shows a transient 
nse during a dopamine infusion (4 ug/keg/min for 3h), 
whereas acromegalics characteristically show a fall in 
plasma GH, This test can also be used to confirm an 
equivocal diagnosis but is not routinely used, 

Ectopic secretion of GHRH, for example from a pan- 
creatic endocrine tumour, is a rare cause of chinical acro- 
megaly. The diagnosis is not usually suspected until 
somatotroph hyperplasia is found at trans-sphenoidal sur- 
gerv rather than the expected adenoma. In these circum- 
stances peéripheral plasma GHRH level (available only in 
a few specialist centres) is elevated and diagnostic. 


OQutline of presentation and management of acromegaly 


Acromegaly is usually diagnosed chruically when the 
patient presents with an incidental 1ness to a doctor 
who recognises the typical physical appearance, which is 
frequently long-standing and only slowly progressive. 

GH secreting tumours which develop in childhood 
result in gigantism, but after puberty fusion of the major 
epiphyses means that growth in height is no longer possi- 
ble. Acromegalics do, however, develop excessive growth 
of soft tissues and small bones of the skull, face, hands 
and feet which result in the characteristic clinical features. 
Acromegalhics have large, ‘spade-like" hands and large, 
broad feet, usually with a history of increasing ring size 
and shoc st£e over a number of years. Facial appearance 1s 
Characteristic with prognathism, prominent supraorbital 
nidges, large nose and tongue and generalized coarsening 
of the fcatures. Exarmination of old photographs will 
frequently demonstrate that these changes have been 
progressive over 5-10 vears or more. Headaches, often 
severe, and troublesome, inappropriaté sweating are com- 
mon symptoms and other findings frequently include a 
multinodular goitre, kyphosis, hypertension and diabetes 
mellitus, the last two presumably accounting for the ob- 
served increase in Cardiovascular morbidity and mortality 
in thus condition, 

Acromegalics often develop deficiencies of other pitui- 
tary hormoncs and full investigation of picuitary function 
is mandatory once the diagnosis has been made. 

Although acromegaly frequently goes undiagnosed for 
many years, treatment 1s almost always indicated since 
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left untreated the condition resules in disfigurement, mor- 
bidity (primanily due to kyphosis and osteoarthritis) and 
mortality (primarily cardiovascular, but possibly also an 
increase in malignancies). 

First-line therapy in almost all cases is trans-sphenoidal 
surgery which is able to cure 50-75%% of microadenomas 
{depending on the criteria used 10 assess cure — sec below) 
and a much smaller proportion of large macroadenomas, 
some of which arc locally invasive, Unsuccessful piruitary 
surgery is usually followed by pituitary irradiation, which 
steadily lowers GH secrenon, but may require 10-20 
vears to normalize GH levels in cases where the imitial 
GH is very high (over 100 mU/L). Medical therapy with 
dopamine agonists such as bromocrniptine :s useful in a 
proportion of cases and the potent, long-lasting somato- 
statin analogue octreotide is able to normalize GH levels 
in the majority of patents, at the expense of thrice daily 
injections and a high economic cost. Such medical therapy 
is usually only used preoperatively or while awaitng the 
long-term benefits of radiotherapy. 


Moratoring the response to therapy 


There has been considerable controversy over the years 
regarding the appropriate bicchermcal criteria to diagnosé 
cure of acromegaly after therapy. Early surgical series 
frequentiy used a mean plasma GH level of less than 
20mU/L (10 ng/mL) to imdicate cure; however, this 1s 
clearly inadequate since many mild acromegalics present 
with initial GH levels below chuis value, It is now generally 
recognized that a plasma GH below 10 mU/L or, more 
strictiy, 5 mU/L is the minimum criterion necessary to 
establish ‘cure’. 

Ï and à number of other endocrinologists would advo- 
cate an evèn stricter definition of ‘cure’; that 1s, restora- 
uon of normal GH secretory dynamics. To establish cure, 
GH should therefore suppress to < 1 mU/L after a GTT 
and a majority of GH levels measured through the day 
(see below) should also be < 1 mUFL, Patients who fulfil 
these criteria have almost complete resolution of their 
acromegahic symproms and a negligible rate of recurrence. 
Patients who fail to meet these criteria may still experience 
considerable clinical remission following surgery, but are 
not ‘cured’, are at risk of recurrence and may require 
additional therapy. 

There is also no general agreement on the best bis- 
chemical method to follow up patients on medical therapy 
or after radiotherapy. Plasma IGFI1 levels are the most 
logical method and urinary GH measurement has some 
attractions but, as discussed earlier, neither of these 
methods 15 as vert midely available or completely rehiable. 
Most clhinicians therefore rely either on assessment of 
mean GH levels during a GTT or on repeated measure- 
ment of GH throughout the day, I favour the latter 
approach and routinely monitor plasma GH at 9.00 a.m., 
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12 noon, 2,30 pm. and 5,30 p.m. (a ‘four-point day 
curve’”). Such measurements are indicated after a change 
of therapy or annually when monitoring the long-term re- 
sponse to pituitary irradiation, Random plasma GH levels 
are very variable and thus unhelpful in monitoring therapy 
except 10 give a rough estimate of prevailing GH levels. 


Differential diagnosis of ACTH-dependent 
Cushing's syndrome 


The routine diagnosis of Cushing's syndrome is discussed 
in Chapter 17. Once Cushing’s syndrome has been diag- 
noscd by suitable combination of low dose dexametha- 
sone suppression and urinary free cortisol meéasurernents, 
then measurement of plasma ACTH can readily distin- 
guish primary adrenal causes from ACTH-dependent 
Cushing’'s syndrome, The differential diagnosis of the 
latter, however, remains a challenging clinical problem 
(see Fig. 16.3). 
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Fig. 16.5 Strategy for the differenual diagnosis of ACTH-dependent 
Cushing'e sundrome., 


Ciimcal context 


ACTH-dependent Cushing's syndrome may be due éither 
to pituitary Cushing's disease, usually associated with a 
corticotroph microadenoma, or te ectopic ACTH secre- 
tion (and very rarély ectopic CRH secretion) by a variety 
of tumours clsewhere. 

Numerically the commonest source of ectopic ACTH 
sécrétion 15 the small cell carcinoma of the bronchus, In 
this case the chimical presentauon is usually rapid and 
symptoms are largely those directly related to the primary 
tumour. Although plasma ACTH and cortisol levels are 
often extremely high, such patients are rarely clinically 
Cushingoid but present with pigmentation (due to the 
ACTH), weight loss, proximal myopathy and a severe 
hypokalaemic alkalosis. Such cases rarely present diag- 
nostic difficulties. 

In contrast, other relatively benign neuroendocrine 
tumours Can also secrete ACTH, particularly Carcinox 
tumours of the lungs (the commonest}, mediastinum and 
elsewhere, pancreatic endocrine tumours, meduilary thy- 
raid Ccarcinomas and rarely phaeochromocytomas. Such 
tumours are small, slow growing and chimically occult and 
these patients may present with typical Cushing's syn- 
drome indistinguishable from that seen in pituitary- 
dépendent disease. Such Cases represent 10-15% of 
ACTH-dependent Cushing’s in most large series, Since 
these tumours may only be a few mm in diameter and 
thus hard to locahize chimically or by conventional imaging 
techniques, biochemical tests are of paramount impor- 
tance in their differentiation from pituitary Cushing’s 
disease. 


Plasma comsol and ACTH level: 


In pituitary disease plasma AC TH is often below 100 ng/ 
L, but higher values (up to 400 ng/L in my own experi- 
ence) are not infrequently seen. While on average plasma 
ACTH (usually over 100 nefL.}, and thus plasma cortisol, 
are higher in occult ectopic ACTH sécrétion than in pitui- 
tary disease, there is near-total overlap and values usually 
lié within the range observed in Cushing's disease. 

Chromatography of plasma ACTH has been employed 
in the past to identify large molecular weight ACTH 
precursors which are frequently secreted ectopically by 
tumours, but also occasionally by pituitary tumours, The 
complexity of these techniques means that they are no 
longer generally available, although newer immunometrnic 
assays specific for ACTH precursors may eventually pro- 
vide equivalent information. 


High dose dexamethasone suppression test 


The high dose dexamethasonc suppression test was imi- 
tially described in 1960 for che differentiation of adrenal 
from pituitary causes of Cushing's syndrome. While 


largely sunerseded in this role, it remains useful in the 
differentianion of occult ectopic ACTH secretion. 

À number of dosage regimes have been descnbed, but 
L prefer the original regime with which there 1s greatest 
experience. Dexamethasone is administered orally, 2 mg, 
strictly 6-hourly for 48h commencing at 9.00 am. 
Plasma cortisol is measured at 9.00 a.m. basally and after 
24h and 48h of treatment. ‘Significant suppression” is 
arbitrarily defined as a fall of plasma cortisol to 50%% 
or less of the basal value. 

Using such cenireria, about 80% of parents with 
Cushing's disease, but only 10% of patients with occult 
ectopic ACTH secretion, show significant suppression of 
plasma cortisol, Thus differentiation is far from absolute, 
but since pituitary disease is far more common this means 
that significant suppression during the test statisticallv 
favours pituitary disease by approximately 70:1, whereas 
patients showing no suppression at all are equaliy likely to 
have a pituitary Or cctopic source. 


CRA test 


Following the isolation and synthesis of the 41-residue 
CRH, the CRH test has established an important role im 
the differential diagnosis of ACTH-dependent Cushing's 
syndrome. 

Following administration of CRH (hCRF-41, 100 lg 
1.v.) patients with pituitary disease almost invariably show 
a rise of plasma ACTH and therefore cortisol. In about 
80% of cases with pituitary disease the rise in plasma 
cortisol 15 ‘exaggerated”, that is, above the peak value 
observed in normal individuals, It is of intérest and of 
practical importance that patients who fail to suppress 
with high dose dexamethasone usually do show a cortisol 
response to CRH. In contrast, an exaggerated cortisol 
response 10 CRH im ectopic ACTH secretion 15 extremely 
rare and limited to one or two isolated case reports in the 
worid literature. 


Other tests 


An unprovoked hypokalaemic alkalosis remains an im- 
portant clue to the presence of ectopic ACTH secretion 
since over 90% of such patients present with hypokalae- 
mia, compared to only 10% of patients with pituitary 
Cushing's disease. 

Tumours secreuing ACTH frequentiy also secrete other 
peptide hormones so thar one or more tumour markers 
may be positive in the blood of such patients. It is there- 
fore my practice in patients with equivocal rests to screen 
plasma for tumour markers including calcitonin, B-hCG, 
alphafetoprotein, CEA and a ‘gut hormone screen”, all of 
which may occasionally prove to be positive. 

The metyrapone test has been previously advocated 
to make this differential diagnosis but resulrs obtained in 
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ectopic ACTH secretion show total overlap with those 
obtained in pituitarv disease, This test should therefore 
be abandoned. 


Petrosal sinus sampling catheter for ACTH 


It can be seen from the discussion above that no rest 1s 
completely reliable in the differential diagnosis of ACTH- 
dependent Cushing's syndrome. Because of this, tech- 
niques have been developed to ascertain directly the 
source Of ACTH secretion via sampling from the central 
veis, [he most widely accepted technique is now 
bilateral, simultancous, inferior petrosal sinus sampling 
for ACTH after CRH stimulation. 

Venous sampling catheters are passed from both femo- 
ral veins to lie in the respective inferior petrosal sinuses, 
which drain blood from the cavernous sinus and pituitary. 
The patent is partially heparinized prior to the final place- 
ment of the catheters 10 avoid the risk of cavernous sinus 
thrombosis (although thus has never been reported). Blood 
for ACTH estimation is obtained simultaneously from 
both sides and from a péripheral vein, üumed over 1-2 min 
intérvals before, and finishing 5 min, 10 min and option- 
ally 15 min after an intravenous bolus of CRH. It is then 
our own practice to administer TRH (200 Lg} to measure 
central secretion of TSH and PRL after 5 min and 10 min 
to confirm the equivalence of catheter placement. 

After a technically successful procedure the vast major- 
ity (all in most series) of patients with pituitary Cushing’s 
disease show a central: peripheral gradient of ACTH con- 
centration of 3:1 or more, which is diagnostic of pituitary 
disease. Significant lateralization of ACTH secretion may 
also be observed and, although this remains controversial, 
(unpubhshed} experience from the largest series suggests 
that excision of the relevant half of the pituitary results in 
a high cure rate when no adenoma is found at subscquent 
surgery. 

Advocates of this procedure, largely in North America, 
have suggested that it might economicçally replace all 
other tests for differential diagnosis once the diagnosis of 
ACTH-dependent Cushing’'s syndrome has been securely 
made. The relanive complexity of the technique means, 
however, that it should be restricted to those centres with 
expérience in Its usé. 

Venous sampling for ACTH from a wide variety of sites 
throughout the body, using a catheter in the central veins, 
may also occasionally give useful information, especially 
when directed towards a suspicious lesion detected on 
body CT scanning. 


Chutiine of management 


Other important, non-biochermical techniques to make 
this differential diagnosis include CT or MRI scan of the 
pituitary (although these are frequentiy normal in pitui- 


308 CLINICAL MOCHEMISTRY 


tary Cushing's) and, in some cases where the susmicion of 
ectopic ACTH secretion is high on biochemical grounds, 
detatled CT scanning of the entire thorax and abdomen. 
An appropriate diagnostic strategy 15 summarized in 
Figure 16,5. 

The frst-line treatment of Cushing's disease is now 
selective adenomectomy at trans-sphenoidal surgery, 
which results in cure in about 75%% of cases, varving from 
series 10 series and with the biachemical criteria used 
to diagmose ‘cure’ (see below). The carlier alternatives of 
bilatéral adrenalectomy or pituitary irradiation are now 
usually reserved for patients who are not cured by pirui- 
tary surgery. 

Mediçal therapy is also possible for Cushing's disease 
of all types, but is usually reserved for preoperative prepa- 
ration or cases where surgery has failed or is impossible. 
Commonty used drugs include metyrapone, aminoglute- 
thamide and 09 DIDD. 


Reassesement after piruttary surgery 


As with acromégalv, definition of ‘cure’ after trans- 
sphenoidal surgery for Cushing's disease remains a con- 
troversial area, Many of the largest series reporting 
success of this type of surgery have failed to define cher 
criteria for ‘cure’, and some appear to he only assessed by 
clinical remission or return of urnarv free cortisol to 
within the normal range. 

After successful pituitary surgery most patients have 
adrenal insufficiency since the normal hypothalamo-pitui- 
tary axis 1s fully suppressed by the long-standing hyper- 
cortisolaemia. To be confidentr of ‘cure’ s 9.00 a.m. 
cortisol, off replacement therapy, at the eariy preoperative 
reassessment (discussed earher) should be subnormal, 
that is, below 100 nmoVL {a few authors insist on un- 
detectable levels}. In cases of doubt, à formal 48 h low 
dose dexamethasone suppression test should be performed 
(0,5 mg, orailv, stnctiy 6 hourly for 48 h, commencing at 
9.00 a.m.); normal mdividuals suppress plasma 6.00 am. 
cortisol to undetectable levels (<28 nmol/L in my labora- 
tory) at the end of this test and failure to show such com- 
plete suppression indicates residual disease, albeit muld 
in many Causes, 

Patients cured of Cushing's disease require glucocorti- 
coid replacement therapy for several months or even years. 
To assess the possibility of stercid withdrawal, a 9,00 a,m. 
cortisol should be measured periodically having omitted 
the early morming replacement dose and the evening dose 
the day before, When cortisol rises above 100 nmol'l. the 
replacement dose can be slowly reduced, with continued 
monitoring of corusol levels and a Synacthen test or IST 
once replacement is completely withdrawn, Patients suc- 
cessfuils withdrawn from replacement therapy require 
periodical monitonng, with uninary free cortisol and/ 
or low dose dexamethasonc suppression testing to detect 
early evidence of relapse. 


TSH-secreting adenomas 


TSH-secreting pituitary adenomas are rare, but occa- 
sional cases will be encountered in most centres, Patients 
typically present with muld chinical and biochermical thyro- 
tOxICOSIS with an imappropriatély ‘normal or shghtly 
elevated plasma TSH. 

In the absence of an obvious pituitary macroadenoma 
on CT scanning, the differential diagnoses to be consid- 
cred include artefacts in the measurement of T4, TSH or 
both (probably the commonest cause of this biochemucal 
pattern}, selective pituitary resistance to thyroid hormones 
(a selective receptor defect at piruitary level which results 
in absent or inadequate negative feedback of circulating 
thyroid hormone levels) and ‘non-neoplastic inappropri- 
ate secrenion Gf TSH’ (anIST; à poorly defined syndrome 
which probably shows considerable overlap with the previ- 
ous two causes). Patients with receptor defects or nnIST 
typically show a TSH response to TRH and partial sup- 
pression of T4 and TSH after administration of T3; such 
responses are not usually seen with a TSH-oma, aiding 
the differential diagnosis. 

Treatment is by pituitary surgery, with &@r without 
pinutary irradiation and Carbimazole therapy. 


Gonadotrophin-secreting adenomas 


Clinically functuioning gonadotrophm-secreting adenomas 
of the pituitary are extremely rare. In the male, they 
present with elevated plasma testostérone, usualky with 
enlarged testes, in the presence of ‘normal’ or elevated LH 
and FSH. In the female che condition may mimic prema- 
ture ovarian failure, with amencrrhoea and elevated 
gonadotrophines. Of theoretical interest, however, is the 
experimental observation that à majornity of s6-called 
funcuonless pituitary adenomas are able to synthesize and 
secretée LH, FSH or their common @ subunit in otre. 


HYPOTHALAMIC AND PITUITARY DEFICIEXCY 
STATES 

Diseases which may lead to generalized 
hypopituitarism 


Funcriontess miruitary adenomas 


Pituitary adenomas which do not result in the hypersecre- 
tion syndromes described above are descnbed as fumeétion- 
less pituirars adenomas. Às mentioned above, these can 
frequently be shown experimentally to be capable of 
synthesis of LH and FSH and occasionally of any other 
pituitary hormone, in subclimical amounts. Such patients 
usually present either with symptoms and signs of hypo- 
pituitansm or with other signs of pituitary tumour enlarge- 
ment, primarily visual field loss, Treatment is by pituitary 
surgery, followed by irradianon whére appropriate. There 
is currently no universal biochermical marker for these 
tumours im péripheral blood, although the discovery of such 


a peptide would be of tremendous clinical use, Measure- 
ment of cc subunit has recently been shown by a few work- 
ers to be a useful marker in a proportion of such tumours. 


Other pirutary and parasellar tañiours 


Craniopharyngiomas, derived from remnants of Rathke's 
pouch, are the only other common type of primary pitui- 
tary tumour. These usually present in childhood with 
poor growth, hypopituitarism and signs of pituitary en- 
largement, but may also present for the first time in adult 
life. Malignant tumours from elsewhere in the body acca- 
sionally metastasize to the piouitary; in addition to the 
usual signs of pituitary rumour, severe headache is a fre- 
quent symptIom, 

À wide variety of other tumours may also present with 
symptoms and signs of à piruitary or hypothalarnic mass 
including hypothalamc germinomas, meningiomas, optic 
nerve and other gliomas, chordomas, hamartomas and 
pinéal tumours. 


fniflammators and unknown aenology diseases 


Sarcoidosis may cause granulomatous masses in the 
pituitary and hypothalamus, with or without evidence of 
discase elsewhere; plasma angiotensin-Converting enzyme 
may therefore occasionaily be helnful in the diagnosis of 
unéxplained pituitary masses. Other granulomatous dis- 
cases which may present in the same way include truber- 
culesis, hisnocytosis X and related midline granulomas. 

Lymphocytic hypophysitis is an inflammatory disorder 
of unknown but possibly autoimmune actiologw; it most 
fréequentiy occurs during pregnancy or the puerperium, 
but may occur at other mes and even in the male, Ikho- 
pathic pituitary fibrosis is also rarelv seen and may be 
associated with other muidlime Gbrosis syndromes, AÏl af 
these conditions may present with hypopituitarism or with 
signs of à pituitary mass. 


Other conditions 


Shechan's syndrome is hypopituitarism due to pituitary 
infarcuon secondary 10 massive postparrum haemorrhage 
and usually presents with failure of lactation and amenor- 
rhoca in the puerperium. New cases should be rare with 
modern obstetric management but cases continue to 
present in later life, usually with a history of amenorrhoea 
since the birth of the last child often 30-40 years previ- 
ously; diagnosis of such patients is usually precipitated by 
some intercurrent 1llness. 

Pituitary apoplexy 15 caused by pituitary haemorrhage 
or infarction, often associated with a previously undiag- 
nosed pituitary adenoma. Patients present with hésdache, 
visual loss and symptoms of hypopituitarism and some- 
times meningism due to the presence of blood in the sub- 
arachnoid space, Surgical decompression is frequently 
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required, Head injury, especially when associated with 
skull fractures through the pituitary fossa, may also be 
associated with hypopituitansm, including diabetes insip- 
idus. Congenital developmental disorders, such as septo- 
optic dysplasia, may also have hypopituitarism as part of a 
larger syndrome. 

Finally, a substantial number of cases of isolated and 
gencralized hypopituitarism are ‘idiopathuc’”, with no 
lesion demonstrable on CT scanning, These presumably 
represent selective failure of the hypothalamic neurons 
which secrete the relevant releasing hormone. At least 
some of these cases may be autoimmuné in origin, but 
more rescarch 1s required to define the precise aetiology 
af thèse conditions. 


Growth hormone deficiency 


(srowth hormone defciency most frequentiy anses in 
the context of other pituitary diseases discussed above, 
Isolated, idiopathic GH deficiency is, however, also rela- 
tivelvy common and usually presents with short stature 
and poor growth in chuldhood, The most important fea- 
ture of the management in childhocod 1s accurate measure- 
ment of growth and growth velocity, usually followed by 
assessment Of GH reserve 1f growth is falling away from 
the third centilé on standard charts. Treatment of estab- 
lished GH deficiency is with biosynthetic human GH 
(somatotropin). 

There are, however, many other causes of short stature 
in the absence of GH deficiency. These include hypo- 
thyroidism, renal failure, malabsorption, Crohn's disease 
and other inflammatory disorders (which may be other- 
wise asymptomatic), asthma, congenital heart disease, 
Tumer's syndrome and other congenital disorders, and 
familial short stature. Laboratory investigations clearly have 
a major role in excluding a number of these possibilities. 

Laron-type dwarfism is a particular rare congenital 
cause of severe short stature due to absence or mutation 
of the GH receptor. Circulating GH levels are high 
and non-suppressible, in the presence of low or absent 
carculating IGF1 levels. 

GH deficiency in adults has conventionally been 
considered to be of no significance, However, preliminary 
studies suggest that treatment 6f such adults with somato- 
trophin may increase strength and well-being, decrease 
body fat and increase muscle mass. Muluicentre studies 
are under way to address this question. 


Gonadotrophin deficiency 


Gonadotrophin deficiency may present at barth with an 
undervinihzed male, with failure of pubertal development 
or with loss of previousiy normal gonadal function. 
Isolated gonadotrophin deficiency may be idiopathic, 
but is sometimes familial and associated with anosmia 
(Kallman’s syndrome) and sometimes cleft lip or palate. 
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Tréestment of gonadotrophin deficiency is with the rel- 
évant gonadal steroids, testostérone or cestrogen, given by 
mouth, injection, implant or transdermal route, If fernility 
is desired then complex regimes involving human meno- 
pausal gonadotrophin therapy or pulsatile subcutaneous 
administration of GnRH are required. 

Gonadotrophin deficiency is diagnosed by the combi- 
nation of low plasma gonadal steroid levels with low or 
inappropriately ‘normal’ levels of LH and FSH. However, 
a large number of other conditions may also produce this 
biochemical pattern in the absence of organic gonado- 
trophin deficiency, particularly in the female (Fig. 16.6). 


Delaved puberty (see also Ch. 20 


Prepubertal children have low or undetectable levels of 
testosterone or oestradiol, with low-normal levels of 
gonadotrophins. In the absence of a demonstrable pitui- 
tary lesion or other pituitary deficiencies it is, therefore, 
impossible to biachemically differentiate isolated gonado- 
trophin deficiency présenting with failure of sexual devel- 
opment from constitutional delayed puberty, the only 
difference being that the former does not recover with 
ume. 

Constuitutional delay of growth and puberty presents a 
combined problem of short stature and delayed puberty 
mimicking combined GH and gonadotrophin deficiency. 
Such patients, usually male, present in their mid-teens 
growing poorls, with height below the third centile and 
with minimal or no signs of pubertal development. Aetiol- 
ogv is unknown, but most patients eventually enter a de- 
laved puberty widh a growth spurt to attain normal adult 
height. CH reserve assessed by standard dynamic tests is 
usually normal as long as gonadal steroid ‘priming’ 1s 
given, but not othenwise (see above). Treatment, if any, is 
usually with low doses of appropriate gonadal steroids to 
slowly advance puberty and imtiaté 4 normal growth 
spurt. 
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Fig. 16.6 Interrelated conditions causing amenorrhoez and the 
biochemical picture of low cestrachol without clévation of 
gonadotrophins. 


“Hypothalanne amenorrhwea" 


Às illustrated in Figure 16.6, a variety of related condi- 
tions in the female can lead to amenorrhoca associated 
with the vypical basal biochemistry of gonadotrophin 
deficiency. 

Weight-related amencorrhoca frequently occurs when 
body weight falls below the normal healthy range for 
height (body mass index 20-25 kg/m‘}). Anorexia nervosa 
is an extreme example, almost always associated with 
amenorrhoea and regression of secondary sexual charac- 
teristics, but diening to achieve a weight which is ‘socialls 
acceptably skinny' can also mduce amenorrhoca. Weight 
gain to a normal weight will usually restore menstruation, 
but chances of resumpüon of regular cycles are less than 
10% with a BMI below 18 ke/m° and only 50%% at a low- 
normal BMI of 20 kg/im”. Low body weight is also an 
important cause of delayed puberty in both sexes, 

À large proportion of internationali-standard competi- 
tive athletes develop exercise-relatéd amencorrhoea due to 
their intensive training regimes. Non-competitive athletes 
undertaking excessive exercise may also develop amenor- 
rhoea or delaved puberty, often exacerbated by low body 
weight. The incidence of amencrrhoea 1s directly related 
to the amount of exercise taken and if exercise 1s discon- 
tinued for any reason, including injury, menstruation 1s 
normally restored. 

Psvchologiçcal stress is frequentiy quoted anecdotally as 
a Cause of amenorrhoca, for example in female students 
attending university for the first time or undertaking éx- 
aminations. ‘Hypothalamic amenorrhoea’ is a descripuve 
label applied to such cases and to other cases of amenor- 
rhoca with low oestradiol and gonadetrophins and no 
identifiable cause, in whom organic gonadotrophin defi- 
ciency 1s feit to be unlikely. 

There is no absolute way te differentiate these causes 
of hypothalamic amenorrhoes from gonadetrophin defi- 
ciency except by their reversibiliry, If the disorder is muld 
(for example, borderline underweight}, then a clomiphene 
test (see above} may clinch the diagnosis by inducing a 
rise in gonadotrophins and subsequent menstruation, but 
lack of response to clomiphene may also occur if the dis- 
order 1s severe. 

If the cause of the amenorrhoea cannot be reversed, 
then treatment 15 usually with oestrogen replacement 
therapy to prevent the long-term eflects of oestrogen 
deficiency, 


Other isolated anterior pituitary deficiencies 


Isolated ACTH déeficiency occurs rarely and can only be 
diagnosed by full pituitary function testing, The adrenals 
themmselves may be demonstrated to be normal either by 
demonstration of a low plasma ACTH prior to replace- 
ment therapy or by a depot (long) Synacthen test. À 
proportion of such patients show an ACTH and cortisol 


response to the CRH test, indicating that the defcir is 
one of hypothalamic CRH secretion, but this is largely of 
academtic interest. 

Isolated TSH deficiency is also a rare occurrence. 


Diabetes insipidus 


Since vasopressin 15 synthesized by cell bodies within the 
hypothalamus and not controlled by the portal venous 
system, vasonressin deéficiency is rarely found in primary 
pituitary disease, unless treated surgically., Diabetes msip- 
idus is therefore a most unusual presenting symptom of 
a pituitary adenoma and its presence should suggest that 
the lesion is a craniophanmgioma or other rarer tvpe of 
tumour or inflammatory discase. 

Isolated central DI may also occur spontaneously in 
the absence of macroscopic pituitary disease. Îts aetiology 
is unknown, but it is suggested that some cases may be 
due to hypothalamic autoimmunity. Isolated central DI 
may also be familial, presenting at or shortiy after birth; 
aetiology is unknown. 


MONTTORING PITUITARY REPLACEMENT 
THERAPY 


The chnical biochemist is often called upon te monitor 
the adequacy of hormone replacement therapy in pituitary 
discase. Clinical assessment of adequacy of replacement is 
imprecise and mav, for example, lead to over-replacement 
with adrenal or thyroid hormones in response to unre- 
lated, vague malaise. 

There is no general agreement regarding the most ap- 
propriaté way to monitor glucocortnicoid replacement and 
it 15 difficult to validate whatever approach is taken. My 
own practice for a patent taking hydrocortisone (which is 
corusol) 15 to measure plasma cortisol at 9.00 a.m. (having 
taken the morning dose on rising}), at 12.30 am. just 
before any Hanchtime dose and at 5.30 p.m. before the 
evening dose and to perform a 24 h urinary free cortisol 
(CFC} measurement beginning and ending with the 
morning replacement dose. The aim of therapy is then 
to acieve a 24h UFC within the normal range and 
9.00 a.m. cortisol within the 9,00 a.m. normal range (to 
avoid overreplacement), with neither 12.30 h or 5.30h 
cortisol below 10 nmal/L. (to avoid underreplacement). 
Using these criteria {which may or may not be valid, 
but are at least logical) most patients require thrice daily 
hydrocortisone dosage, typically 10 mg on rising, 5-10 mg 
at lunchtime and 5 mg in the early evening. Random 
méasurements of plasma cortisol on replacement therapy 
are of little or no value. Since the renin--angiotensin 
system is intact in patients with pituitary disease, fludro- 
corusonce replacement, with monitoring of plasma rein, 
is NO NÉCESSAFY. 

The aim of thyroxine replacement in hypopituitarism 
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should be to achieve a plasma total, or free, T4 in the 
middle of the normal range. Measurements of TSH are 
clearly unhelpful in this context. 

Biochemical assessment of gonadal steroid replacement 
presents greater difficulty. In a male on testosterone ester 
depot préparations, plasma téstosterone may reasonably 
be measured a few davs after an injection and just prior to 
the next dose to ensure that adequate levels are being 
achieved, In patients on oral restosteronc undecanoate 
thérapy, however, there is préferential conversion of testo- 
sterone to dihydrotestosterone and plasma total testostér- 
one levels are frequently below normal despite adequate 
replacement therapy. In the female the best approach to 
therapy is probably to use the endormetrium as a natural 
in wiuo bioassay for cestrogen and aim simply to achieve 
regular withdrawal bléeds. Ît 1s possible to measure 
plasma oestradiol in patients receiving transdermal oestra- 
diol replacement, but other oral preparations of modified 
synthetic or equine oestrogens cannot logically be moni- 
tored biochemically. 

Desmopressin replacement therapy can be monitored 
by measurement of plasma osmolality, aiming to maintain 
a normal osmolaliry and avoid dehydration or fluid over- 
load, Patients should be instructed to allow the diuresis to 
resume prior 10 each treatment dose. 


CONCLUSIONS 


In the past two decades, clinical neuroendocnnology has 
been revolutionized by the ready avalability of assays for 
the relevant pituitary hormones. The relanonship between 
endocrinologist and chinical biochemist must be a close 
one, since the biochemaical tests to be performed depend 
closely on the clinical assessment of the patient, whilst the 
treatment which the patient will receive is equally depend- 
ent on the biocherucal results obtained. In this chapter I 
hope that 1 have laid down a logical framework for such a 
harmonious relationship. 


APPENDIX: TEST PROTOCOLS 
Assessment of basal pituitary function 


À basal 9.00 a.m. blood sample for measurement of: 
®* cortisol 

total {or free) T4 

TSH 

testosterone (male) or oestradiol (female) 

LH, FSH 

prolactin 

osmolality.* 

Simultaneous random urine for osmolality.* 


.... 





“Assessment of postenor pruutary function is only required 1f indicated 
by che clinical context 
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Insulin stress test 


Indicanions: Assessment of ACTH/cortisol and GH 
TÉSEÈTVE. 
Contraindicanons Ischaemic heart disease, epilepsy or un- 


explained blackouts, severe long-standing hypoadrenalism, 


Précautions. ECG must be normal, basal 9.00 a.m. corti- 
sol must be above 100 nmol/L. Total or free T4 must be 
normal. 


Procedure: Fasting from midmght, 1.v. cannula, soluble 
insulin, 0.15 U/kg iv. at 9.00 am. Oberve and record 
signs Of hypoglycaemis, Hypoglycaemia only needs to be 
reversed with 1.v. dextrose if severe and prolonged or with 
impending or actual loss of consciousness or fits. 


Samphng: Blood for glucose, cortisol, GH at 0, 30, 45, 
60, 90 and 120 rain. 


Interpretanon: Blood glucose must fall below 2,2 mmol/L. 
to achevée an adequate hypoglycaemic stress. If adequate 
hypoglycaemia is not achieved then cortsol or growth 
hormone deficiency cannot be diagnosed. Untreated 
hypothyroidism can also give subnormal results. 

À normal response is defined as a rise in plasma cortisol 
to a peak of 550 nmofL or above and a rise in plasma 
growth hormone to 26 mU/L. or above (most normal mdi- 
viduals actually rise to a peak above 40 mUL.). 

Patients who show such à normal cortisol response can 
withstand major surgery without corticosteroid replace- 
ment. Patients with just subnormal responses may not 
require regular replacement therapy but do require cover 
tor major ilnesses and surgery. AÏl other patients with 
subnormal responses require hydrocortisone replacement, 

Children with bone age <12 vears and GH peak 
<20mU/L generally benefit from GH therans, Per 
pubertal subjects (bone age 10-15 y) may show a subnor- 
mal response; the IST should be repeated after gonadal 
steroid priming (see text). 


Intravenous short Synacthen test 


Indwarnon: Screening vest for adrenocornical insufficiency, 
including ACTH déficiency. 


Procedure: Synacthen (tetracosactrin) 250 ug Lv. Plasma 
cortisol before and after 30 min. 


Interpretahon: Plasma corusol of 550 nmol/L. or above at 
30 man is highly correlated with a normal ACTH response 
to hypoglycaemia and a normal pituitary-adrenal axis. 

In view of the pharmacologicai nature of the ACTH 
dose administered, any lesser response should be regarded 
as suggestive of ACTH deficiency {or of primary adrenal 
failure). Peak cortisol responses betwéen 400 and 
550 nmol/L may be regarded 4s equivocal and confirmed 
by a formal IST (if not contraindicated). 


Note: only this shortéened protocol has actually been 
correlated with cortisol responses to an IST. Alternative 
regimes including i.m. Synacthen and coruisol responses 
at 60 min might be assumed to give the same information, 
but this has not been demonstrated in the literature and I 
believe that such équivalence cannot bé assumed without 
validation. 
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Water deprivation test 


Indications: Diagnosis 0f vasopressin deficiency. 


Procedure: If mild DI is suspected, thé patient should 
have no fluids from midnight the night before (dry foods 
allowed). 

If severe DI is likely. free fluids and a light breakfast 
should be allowed prior to the test. 

Commence test at 9.00 a.m. or earlier 1 practicable. 
Measure plasma and urine osmolaliry basalls, then hourly 
until the end of the test (8 h or when diagnostic osmolalh- 
ties achieved). Record all urine volumes passed. 

Osmolalities should be measured prospectively as the 
test proceeds. If thus is not possible, weigh the patient 
every 2 h and arrange for urgent plasma osmolality if body 
weight falls by more than 3%. 

When diagnostic osmolalities have been aclueved, give 
desmopressin 2ug im. allow free fluids and measure 
urine osmolality hourly for 2 h. 


Interpretation: Diabetes insipidus is diagnosed by a rise in 
plasma osmoiality above 300 mmol/kg, without appropri- 
ate concentration of urine osmolality (to above 600 mmol/ 
kg), Adequate concentration of the urine after desmo- 
pressin then indicates central, cranial DIT and lack of con- 
centration indicates nephrogenic DH. 

Normal vasopressin secretion is shown by concentra- 
tion of the urine to above 600 mmol/kg, in the presence of 
a strictliy norrnal plasma osmolality (280-95 mmol/kg). 

Normal concentration of the urine at the expense of 
elevation of plasma osmolality (above 295 mmol/kg) is not 
strictly normal and may indicate mild DH or ether subtle 
defects of thirst, osmoregulation and vasopressin secre- 
tion. Further tests may be indicated. 

Failure to concentrate either plasma or urine osmolality 
by the end of the test is non-diagnostic, but usually re- 
presents primary polydipsia, Such patients typically start 
the cest with very dilute urine and often dijute plasma as 
a result of fluid overload, If clinically indicated, more 


prolonged water deprivation is required to make che 
diagnosis. 


Glucose tolerance test for the diagnosis of 
acromegaly 


Procedure: Fasting from midmight, iv, cannula, 75 g glu- 
cose at time ( (e.g. Lucozade 390 mL). 


Sampling: Blood glucose and plasma GH at ©, 30, 60, 
90, 126, and 150 min, 


Normal response: Growth hormone suppresses to below 
| MU/L after glucose in normal subjects. Blood glucose 
rises and falls within the himmits for the sampling and assay 
technique used. 


Interpretanion: Failure of growth hormone to suppress 
completely after glucose is highly suggesrivé of acro- 
megaly, even if a substantial fall has occurred. 


CRH test 


Indications: Differential diagnosis of Cushing's syndrome. 
Differential diagnosis of isolated ACTH defciency. 


Procedure: [v. cannula, human CRF-41, 100 ug iv. at 
9.00 a.m. 
Notes: In North America it is usual to administer CRH 
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in the evening rather than early morning. Ovine CRF-41 
was onginaily used but is not readily available in the UK. 
Some patients notice minor facial fluskhing after CRH, but 
there are no other side-cffects, 


Samplhing: Plasma cortisol and optionally ACTH at -15, 
0, 15, 30, 45, 60, 90 and 120 min. 


Normal response: Plasma corusol rises by 20% or more 
above the basal level. The peak response to hRCRF-41 in 
normal individuals is below 600 nmol/L {800 nmol/L with 
ovine CREF-41}. 


Interpreranon: Patients with Cushing's disease show a 
normal or exaggerated response to CRH., Ectopic ACTH- 
secreting tumours and adrenal tumours show no response 
(sée text}. 

Responses in ACTH deficiency remain to be defined 
but a response of plasma ACTH would imply hypo- 
thalamic CRH deficiency. 

Patients with depression show a normal cortisel but 
reduced ACTH response. Patients with massive obesity 
show a blunted cortisol response. 
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INTRODUCTION 


Though clinical adrenal diséase 1s relagvely uncommeon, 
the gland and its intimate funcuonal relationship with the 
hypothalamus and pituitary occupy a central place in 
endocrinology because of the severe clinical consequences 
of both adrenal insufficiency and hyperfunction, The 
hypothalamic-pituitary-adrenal axis 15 additionally in- 
volved with the problems related to the therapeutic use of 
steroid hormones in non-endocrine disease, in particular 
high dose synthetic steroids with the potential conse- 
quence of adrenal suppression which becornes manifest 
when the exogenous steroids are reduced or stopped, 

This chapter will address the anatomy, physiology and 
biochemistry of the steroid hormones together with the 
assessment of adrenal hormone function, climcal details 
of the major abnormalities and details of replacement 
therapy. In addition the role of the adrenal meduila in 
health and dhsease wall be covered. 


Anatomy of the adrenals 


The two adrenal glands, which comprise cortex and me- 
duila, weigh approximately 4 g each in the normal adult. 
The cortex comprises three histological zones, an outer 
zona glomerulosa underneath the capsule, a large zona 
fasciculata and an inner zona reticulans. 

Embryologically the cortex derives from mesoderm 
while the adrenal meédulia is of ectodermal origin, The 
fetal cortex is relatively large and is dependent on adreno- 
corticotrophic hormone (ACTH} stimulanon; it takes 
some 3 vears after birth until the cortex 1s fully developed 
and showing its thrée adult zones. 


Adrenal disorders 


The adrenals are well vascularized from branches of 
several arteries, including some direct from the aorta, 
some from branches of the renal arteries and some from 
the inferior phrenic artery, but each 15 drained by a single 
vein, the right into the posterior aspect of the vena cava 
{though this is highly variable) and the left into the left 
renal vein. Fhese anartomical detais (Fig. 17.1) are of im- 
portance during adrenal catheterization and the right vein 
in particular may be difficult or impossible co catheterize, 
even by an experienced operator, 

The adrenal medulla is part of the sympathetic nervous 
system with adrenaline and noradrenaline as its primary 
products. Embryologically it arises from neural crest tis- 
suc and migrates from spinal gangha to form the postenior 
sympathetic chain and then anterioriy into the adrenal 
cortex such that it can be recognized bv 12 weeks of 
pregnancy. The cells are innervated by the sympathetic 
nervous system with acetylcholine as the major neure- 
tranemittér. In the normal adult only some 10%% of adre- 
nal weight is the medulla. 


THE ADRENAL CORTEX 
Adrenal steroid hormones 


The thrée major groups of adrenal stéroids are mineralo- 
corticoids, glucocorticoids and androgens. Small quanti- 
ties of oestrogens and progestogens are also produced. 
While there are three ciear histological zones in the cor- 
tex, there is not total separation of biochemical function. 
Adrenal cells both migrate and alter in function during 
their lifetime and appear to be able to switch from miner- 
alocorticod to glucocortcoid production. Their histologi- 
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Fig. 17.1 Schematic diagram of the location and blood supply of the adrenal glands. 


cal appearance and biochemical function may be modified 
by different patterns of stimulation, especially by ACTH 
and also by changes in local blood flow, 

The zona glomerulosa is predominantly responsible for 
aldosterone production and cannot produce cortisol or 
androgens as it lacks 17@-hydroxylase. Aldosterone syn- 
thesis is primarily regulated by the renin-angiotensin 
system and by plasma potassium, with much less of a 
long-term influence of ACTH, though acute ACTH 
administration does produce a short-term increase in 
aldosterone secretion; the relevance of this to normal 
physiology 1s unclear. 

The zona fasciculata and reticularis produce gluco- 
corticoids and androgens but not aldosterone and lack the 
enzymes necessary for conversion of 18-hydroxycorticos- 
terone into aldosterone, They are predominantly under 
ACTH, and hence corticotrophin releasing hormone 
(CRH), control and are not significantly affected by the 
renin-angiotensin system or by plasma potassium. 

Figure 17.2 is a scheme of the major adrenal bio- 
synthetic pathways, from which can be deduced the 
effects of various major enzyme deficiencies. The initial 
rate-limiting step in steroidogenesis in the normal subject 
is conversion of cholesterol to pregnenolone, which 1s 
where ACTH has a major action. This is a mitochondrial 
step and is mediated by one of the many cytochrome 
P450 oxygenase enzymes within the steroidogenic path- 


ways. Adrenal cholestérol is mainly derived from plasma 
lipoproteins though some local synthesis occurs and cho- 
lesterol deficiency never limits steroid synthesis. 

The feedback control of ACTH by cortisol is discussed 
in Chapter 16. 


Glucocorticoids 


The predominant glucocorticoid in man is cortisol (in 
nanomolar concentrations in plasma), with some cortico- 
sterone being produced. Details of the approximate po- 
tency in mass terms are shown in Table 17.1 for both the 
natural and synthetic steroid hormones. 

The major actions of the glucocorticoids are listed in 
Table 17.2, from which it may be seen that they are essen- 
tial to a wide variety of metabolic and cellular functions in 
the healthy individual. There may obviously be undesir- 
able effects of both deficiency and excess, best seen in the 
clinical syndromes of Addison’s disease (primary hypo- 
adrenalism) and Cushing’s syndrome. 

Many of the actions of glucocorticoids are also valuable 
therapeutically in a wide variety of disease states. 


Mineral vid 


The predominant mineralocorticoid in man is aldosterone 
(in picomolar concentrations in plasma) with small amounts 
of deoxycorticosterone (DOC) and 18-hydroxydeoxy- 
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Fig. 17.2 Sreroid biosynthesis in the adrenal cortex. The upper figure shows the chernical structures, while the lower 
gives the names of the various steroids and enzymes (italics). The major secretory products are shown in bold type. The 
synthesis of aldosterone by corticosterone methyloxidase I and 11 (sometimes jointiy known as aldosterone synthase) occurs 
only in the zona glomerulosa. 
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corticostérone, However, in overall terms of mineralo- 
corticoid activity, the weak mineralocorticoid action of 
the large concentration of cortisol (nmol/L, 1000 times 
greater than that of aldosterone which is in pmol/L) pro- 
vides a substantial portion, perhaps 50%, of human 
mineralocorticoid activity under unstressed conditions. 
Relative mineralocorticoid potencies are shown in Table 
17.1. 


As aldosterone production in the zona glomerulosa 
is predominantly under renin-angiotensin control rather 
than ACTH, its secretion is little affected even by pan- 
hypopituitarism, where the renin-angiotensin axis is 
essentially intact. This is the explanation for the clinical 
observation that hypopituitarism is not accompanied 
by the severe postural hypotension and the electrolyte 
disturbances that are seen in primary hypoadrenalism 
(Addison'’s disease), though there is some evidence that, 
in pituitary disease, there may be very mild mineralocorti- 
coïd deficiency. This may reflect decreased activity of the 
ACTH-driven zona fasciculata which produces DOC, 
18-hydroxy DOC and corticosterone. 

Mineralocorticoid action increases transport of sodium 
across specialized membranes that are found most obvi- 
ously in the distal renal tubule but also in the distal colon 
and the salivary/sweat glands. Increased mineralocorticoid 
activity in the kidney leads to potassium and hydrogen ion 
secretion into the tubular lumen and sodium movement 
into extracellular fluid. Thus hyperaldosteronism can lead 
to hypokalaemia and alkalosis, 


Adrenal androgens 


The major adrenal androgens are dehydroepiandrosterone 
(DHEA), DHEA sulphate and androstenedione. All are 
intrinsically weak androgens and all, but especially andro- 
stenedione, exert their effects by peripheral conversion to 
testosterone, and dihydrotestosterone, 

In adult males the adrenal androgens, even after pe- 
ripheral conversion, contribute very httle to rotal andro- 
gen activity. In prepubertal boys, however, excess adrenal 
androgen production can given rise to premature develop- 
ment of secondary sexual characteristics. 

In contrast, in women the adrenal androgens contrib- 
ute about half of total androgen activity, the remainder 
coming from the ovary; adrenal dysfunction, as in con- 
genital adrenal hyperplasia and adrenal Cushing's syn- 
drome, can lead to substantially increased total androgen 
activity with the resultant clinical manifestations of hirsu- 
ties, acne, greasy skin and, if severe, virilization. 


The mechanisms of steroid action — receptors 


Glucocorticoids act within the cell on cytosolic receptor 
proteins, They diffuse into the cell and bind to their re- 
ceptor, producing a complex which then binds to specific 
nuclear sites to initiate specific mRNA transcription. Min- 
eralocorticoid receptors are httle different structurally 
from the glucocorticoid receptor; indeed, there is consid- 
crable sequence homology between the two at both ster- 
oïid and DNA binding sites: this is also true for the sex 
hormone-binding receptors. Thus, mineralocorticoid ac- 
tion at the mineralocorticoid receptors would be swamped 
by the excess of natural glucocorticoid, cortisol, were it 


not for the presence in mineralocorticoid-sensitive tissues 
of the enzyme 11{+-hydroxysteroid dehydrogenase (11B- 
OHSD) which converts cortisol to inactive cortisone (the 
cortisol-cortisone ‘shuttle”) but does not metabolize al- 
dosterone. Deficiency of this hormone leads to cortisal 
acting as a major mineralocorticoid: this is seen in à very 
rare condition presenting with hypertension and hypoka- 
laernia in childhood. The enzyme is also the site of action 
of constituents of hiquorice and carbenoxolone (glveyrrhizic 
and glycyrrhetinic acids, respectively), causing inhibition 
Of 115-OHSD and hence hypokalaemia. 


Assessment of adrenocortical function 
CGlucocorticod secrenon and its imvestisation 


Cortisol secretion in man is complex with a characteristic 
circadian rhythm displaving large variations from peak 
to trough, a sigmificant stress component and a negative 
feedback loop operating at both hypothalamic and pitui- 
tary level (see Ch. 16). 

The circadian rhythm of plasma cortisol is perhaps the 
best known of all such rhythms, but is actually made up 
of a sigruficant number of bursts of cortisol secretion 
(Fig. 17.3). The basis of dhis rhythm is that CRAH is re- 
leased from the hypothalamus, stimulates pituitary corti- 
cotrophs to produce ACTH which in turn stimulates the 
adrenals to produce cortisol. Cortisol and other gluco- 
corticoids operate negative feedback at the level of the 
hypothalamus and the pituitary, but it is at che level of the 
hypothalamus that the circadian rhythm, stress factors 
and pulsatility operate, 

There are essentially three ways of testing of glucocor- 
ucoid function: single samples, stimulation and suppres- 
sion tests, Às is normal in endocrine disease, sumulation 
tests are employed to demonstrate the secretory capacity 
of a gland, or its deficiency, while suppression tests are 
used to examine normal feedback and to exclude the 
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Fig. 17.3 Twenty four hour pattern of plasma cortisol concentrations, 
showing circadhan rhychm with seupermposed burets of sécreton, The 
approumats reference ranges for 4.00 am. and midnight arc shown 
(see text for discussion). 
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presence of hypersecretion syndromes such as Cushing's 
syndrome. 

The use of random or umed plasma or serum cortisol 
sampies is the subject of much confusion and considerable 
recent debate and audit. The reference ranges of cortisol 
at 9.00 a.m. and midrught are shown in Figure 17.3 - it 
will be seen that, at 9.00 a.m., there is à wide varnaton 
between approximately 100 and 600 nmoV/L, Thus only a 
very low 9.00 am. corusol, below 100 nmol/'L, is abnor- 
mal and strongly suggestive of primarv or secondary hypo- 
adrenalism, while a high level, 5Q0 nmol/L or more, is very 
strong evidence against the presence of sigmificant hypo- 
adrenalism, but cannot prove hypercortisolism. Values 
between these hmits, 100 to 500 nmol/L, are therefore un- 
helpful to varving degrees, spproximatels 100-200 nmol/ 
L being suggestive of hypoadrenalism and 400-500 nmol/ 
L suggestive of normality, with 200-400 nmol/L, being to- 
tally uninformative, [Ir is also critical that this measure- 
ment is taken at 9.00 a.m. or shortly before, as plasma 
cortisol falls very rapidiy by even 9.30 a.m. when mark- 
edly lower results are obtained. Measurements made later 
in the day, in particular at midnight, are more difficult 
to interpret because stress alone will cause elevation of 
plasma cortisol if blood is taken under the wrong circum- 
stances — it 1S not possible to exclude hypoadrenalism 
at these times unless a high level is obrained (which is 
unlikely}, but a spontaneous midnight measurement of 
plasma corusol which is below 100 nmol/L. effectively ex- 
cludes Cushimg's syndrome (the lower limit here is usually 
the assay hrnit}, Ît is therefore essential that all such sam- 
ples are marked clearly with the date, time and circum- 
stances of venesection so that later interpretation is 
possible, Slow or painful venesection or non-resting cir- 
cumstances may increase plasma cortisol within minutes 
and render the test sworthless; outpatient midnight 
cortisols are of little value. 

Urinary free cortisol measurements Twenty four 
hour urinary free cortisol measurements are of use both 
in the initial diagnosis of Cushing's syndrome and as part 
of the high dose dexamethasone test in the differenual 
diagnosis, Laboratory reference ranges varv somewhat. 

In initial diagnosis, a 24 h collection exceeding above 
300 nmol/24 h 15 suggestive of Cushing's syndrome. The 
usual caveats about 24 h urine coliections apply and there 
should probably be some correction for body mass, Ir can 
be used as an outpatient screening procedure. 

In the dexamethasone suppression tests (see below) 
the criteria used to assess the significance of changes in 
urinary free cortisol are poorly standardized and often 
vary between laboratories. 

Stirrauslation tests Synacthen, the name taken from 
SYNthetic ACTH, is, as the name implies, a syntheric 
and shortened form of the natural 41 amino acid peptide 
comprising the 1-29 amino acid sequence. It possesses 
the full biological activity of ACTH and is used in 
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pharmacological doses as a cest for the integrity of cortisol 
secretion from the adrenal. Details are given in the 
Appendix (p, 328). 

À normal response to the short Synacthen test excludes 
pnmary hyvpoadrenalism, although not secondary hypo- 
adrenalism which may be due vo hypopiiuitarism or, more 
commonly, to exogenous stéroid therapy which has led 
to adrenal suppression. If the short Synacthen test is 
équivocal and secondary hypoadrenalism is suspected, the 
long Synacthen test is used which will show a delayed but 
intact response of cortisol, although the possible presence 
of pituitary disease also requires specific pituitary testing. 


Suppression tests 


These all rely on the suppression of endogenous gluco- 
corticord secretion, predominantiy cortisol, when an exog- 
enous steroïd is given. Ît therefore relies on the synthetic 
steroid used (normally dexamethasone) not having a sig- 
nificant cross-reaction in the cortisol assay. While this 18 
true for dexamethasone it is less so for prednisolone, 

The overmght dexamethasone suppression test (sée 
Appendix) 15 valuable in excluding a diagnosis of Cushing’s 
syndrome, though it has poor sensitivity and specificity for 
confieming the diagnosis and false positives may occur, 
particularly in depression and obesity. The advantage of 
thus test is chat it may be performed readily on outpatents 
and is useful where it is nécéssary to exclude the diagnosis. 

The longer low dose suppression test (see Appendix) 
relies on thé same principle and the same criteria for sup- 
pression are used. The test has good sensitivity and 
specificity, bur again may be unreliable in cases of obesity 
or depression, although vo a lesser extent than with the 
overnight test. Failure to suppress implies the presence of 
Cushing's syndrome, though it must be emphasized that 
while this form of the rest is diagnostic for the présence or 
absence of Cushing’s syndrome, it is not helpfui in its 
differential diagnosis. 

In contrast the high dose rest (see Appendix) is useful 
in the differential diagnosis, but is unnécessary 16 confirm 
that a patent has Cushuing's syndrome. In pituitary- 
dependent Cushung's syndrome plasma cortisol concen- 
tration will be suppressed to below 50% of the initial 
value, while in adrenal adenomas and carcinomas, together 
with most ectopic ACTH-producing tumours, there 15 no 
significant suppression. There are, however, significant 
exceptions to this rule including some ectopic ACTH- 
producing carcinoid tumours, 

Some authonties have used the suppression tests in a 
short higher dose form, 2 mg (low dose} or 8 mg (high 
dose) being given at might on retining with a single bloëd 
sample at 9.00 am, the following morning. Experience 
is insufficient to say whether this has the same specificity 
and sensitivity as the longer test, 

À recent modification of the Synacthen test, the intra- 


venous Synacthen test, has been proposed as an alterna- 
uve to the insulin tolerance test (ITT) in pituitary testing 
(see p. 2995, Though certainly a useful adjunct where the 
ITT is contraindicated or felt unnecessary, it has vet to 
be universally adopted. 

Basal ACTH and the CRAH test ACTH mesasure- 
ments are complex and of limited value. Samples must be 
separated immediately in the cold and the assavs are only 
available in specialist centres. ACTH has a circadian 
rhythm like cortisol, again with marked pusatile secretion: 
indeed, it is the ACTH rhythm which ‘drives’ the cortisol 
rhythm. Again basal measurements must be taken at 
specified times, the reference range being 10-80 ng/L at 
300 am. and <10 ng'L at rudrught., Apart from their 
use in the differential diagnosis of Cushing's syndrome 
(Ch. 16}, they are of some use in the diagnosis of border- 
line Addison'’s disease and of congenital adrenal hyper- 
plasia, where elevared plasma ACTH levels in the presence 
of low-normal cortisol levels may confirm the diagnosis, 
rather similarly to the elevation of TSH with low-normai 
thyroxine levels seen in primary hypothyroidism. 

The CRH test, which can be helpful in the differential 
diagnosis of Cushing's syndrome, is discussed in Chapter 16. 


Mineralocorncosd function and its mrsshigarion 


The major function of mineralocorticoids is to control so- 
dium and potassium balance, both in total and in plasma, 
via a unidiréctional sodium transport mechanism best 
scen in the distal tubule of the nephron. 

Excess activity leads to hypertension with hypo- 
kalaernia, plasma sodium usually being high-normal 
(142-148 mmol/L}, a further rise being limited by intact 
control of plasma osmolality. The metabolic disrurbance 
is also accompanied by slkalosis, However, the metabolic 
abnormality is minimired by 8 low sodium intake, and 
about 26-30%% of patients may have plasma potassium in 
the range 3.5-4.2 mmol/L. 

The rare occurrence of hypoaldosteronism, most 
commonly seen in Addison’s disease, js accompanied by 
the opposite changes: hyponatraemia, hyperkalaemmia and 
acidosis. 

Potassium measurernent Samples for plasma po- 
tassium méasurements require care. They should be taken 
supine and resting, without à tournigquet and separated 
immediately after collection — a rare condition <alled 
pseudohyperkalaemia results from rapid leakage of potas- 
shum from red cells or platelers. 

Proof of urinary potassium wasting comes from 24h 
urinary potassium collecuons, while à patient is hypo- 
kalaemmic, 24h urinary potassium excretion should not 
exceed 30 mmol. Potassium excretion in the normal sub- 
ect cannot, however, be reduced to the extent of sodium 
excretion and dietary deficiency does occur rarelv, e.g. in 
AnOTÉXIA DETVOSÉ. 


Basal renin and aldostérone Bassal renin activity 
and aldosteérone measurements should be taken with the 
patient supine for at least 30min and preferably at 
9.00 am. The abnormality in primary aldosteronism is 
of excess aldosterone with suppressed renin activity; this 
may be masked by a low sodium intake and is most easily 
demonstrated on a high sodium intake, Thére is also a 
considerable overlap between mild hyperaldosteronism 
and s0-called ‘low renin hypertension’. 

Both plasma renin activity and aldosteroné concentra- 
ton decrease continuously with age from childhood on- 
wards and also fall exponentially with increasing sodium 
intake (Fig. 17.4), low sodium intake and output thus 
borh being associated with high plasma aldostérone levels, 
This is significant over the usual Wesrern rangés of dietary 
sodium intake (approx 80-250 mmol/24 h}. Very detailed 
studies thus require an age-matched reference range and 
some degree of standardization of dietrary sodium intake. 
Prolonged regulation of sodium intake is now largely a 
research procédure, as newer protocols have sought to 
overcome the long duration of inpatient investigation 
otherwise needed. 

There is also considerable variation between plasma 
renin activity assays, each laboratory having its own refer- 
ence range. Direct renin assavs are now available, but as 
yet are only research procedures in most centres. 

Interpretation of mineralocorticoid status (renin and 
aldosterone) is thus more difficult chan that of glucocorti- 
coids in view of the multiple physiological factors that 
influence them, as well as many drugs (most importantly 
diuretics, (-blockers and angiotensin-converting enzyme 
inhibitors). When these data are not straightforward, con- 
sultation with a specialist centre is advised, 


Adrenal sex hormones 


Measurement of basal levels Gf the adrenal sex hormones 
arc the only tests used 10 any significant extent, though 
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Fig. 17.4 The relanondup between plasmu saldosterone concentration 
and dietary sodium intake. The absolute aldosterone concentrations 
depend on the age of the populanoen studied. 
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here there is considerable difficuity in séparating what is 
originally of adrenal or gonadal origin, given the peripheral 
conversion of the adrenally originating D'HEA (the major 
adrenal androgen}), DHEA sulphate and andostenedione. 

Adrenal androgens are of clinical significance in the 
prepubertal and pubertal periods for boys and in females 
Of all ages. They rise towards puberty, peaking at puberty 
and then continuing at high levels til 40-50 years of 
age, though the mechanism of their control remains 6b- 
scure; an adrenal androgen stimulating factor has been 
postulated. Plasma testostérone and sex hormone-binding 
globulin (SHBG) measurements, possibly with LH and 
FSH, are obviously relevant for global androgen assessment. 


Eseases of the adrenal cortex 


All diseases of the adrenal cortex are uncommon, The 
most frequent cause of functional abnormalities relates to 
the therapeutic uses of glucocorticoids. 


Addson's disease 


Primary hypoadrenalism is frequentiy a very difficult 
diagnosis, as most of the symptoms are non-specific. 
Tiredness, weakness and lethargy predominate and are 
frequently accompanied by anorexia, weight loss, nausea 
and postural hypotension. Sigmficant ACTH pigrmenta- 
tion, s0 beloved of textbook illustrators, is an unusual sign 
but is best searched for in recent scars and in skin flexures. 
Other less common features include loss of body hair, 
impotence or amenorrhoea, abdominal and back pain, 
supine and/or postural hypotension and noecturia, An 
‘adrenal érisis’, whére the patient à seriously ill, hypo- 
tensive and shocked, is very uncommon except when 
precipitated by surgery or intercurrent iliness; it should 
always be considered as a cause of unexplained post- 
operative deterioration. 

Addison's disease is often accompanied by other 
autoimmune disease, but the diagnosis may still require 
considérable clinical skill, In Western countries an 
autoimmune cause is now much commoner than tuber- 
culosis (except in immigrant minorities), while the reverse 
is still true in the undeveloped world. Causes are shown 
in Table 17.3. 

Once Addison’s discase is suspected there is no alterna- 
üve to a short Synacthen test, though if the patient is 
seriously unwell initial treatment with hydrocortisone and 
then predmisolone should not be delayed; the Synacthen 
test can then be performed while on the prednisolone 
(as long as it is not long delayed). À check must be made 
that the cortisol assay used does not show significant 
cross-rcaction with prednisolone, but otherwise the short- 
term use of steroids will not alter the immediate response 
to a short Synacthen test, The normal response is de- 
scribed in the Appendix (p. 328). À useful further pointer 
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to a diagnosis of primary hypoadrenalism is the presence 
of a raised 9.00 a.m. plasma ACTH, confirming that the 
adrenal 1s the primary site of the problem. 

Other investigations should include plasma sodium and 
potassium, which may show hyperkalaemia and hypo- 
natraemia, and plasma renin activity and aldosterone 
which show increased renin and low or low-normal aldos- 
terone. À blood count may show a normocytic anaemia, 
especially when plasma volume is re-expanded. There 
may also be a coincident macrocytic anaemia, even 1f B,, 
deficiency is not present, and a chest X-ray should always 
be performed — it classically shows a small heart but may 
show signs of pulmonary tuberculosis. Plain abdominal X- 
rays classically show adrenal calcification in tuberculous 
disease but this is very rare, 

If an unusual adrenal infiltrative cause is suspected a 
CT or MR scan of the adrenal can be of value; bilateral 
metastasis causing hypoadrenalism is very rare. 

Adrenal antibodies are measured in a few specialist 
centres but are not always detectable even in autoimmune 
disease, The possibility of secondary adrenal failure from 
hypothalamic-pituitary disease must always be borne in 
mind, specially where pigmentation and hypotension are 
lacking; other clinical features of hypopituitarism are 
usually present. Useful clues against this are the presence 
of normal menstrual and sexual function and a valuable 
screening test is measurement of gonadotrophins plus 
oestrogen or testostérone — except in isolated ACTH def- 
ciency, normal gonadotrophin and sex hormone levels are 
very rarely seen in significant hypopituitarism. 


Adrenal causes of Cushing's syndrome 

Pituitary-dependent Cushing’s syndrome has been dis- 
cussed in detail in Chapter 16. Though the main clinical 
features of adrenal causes are the same, there are some 
subtle differences which may be of value in the clinical 


differential diagnosis. Adrenal causes, especially carcino- 
mas, are unfortunately more common in children and 
should always be suspected when the degree of virilization 
or hirsuties is excessive, The same may be said of a par- 
ucularly rapid onset, though this is also suggestive of an 
éctopic cause. 

Only very large adrenal carcinomas are clinically palpa- 
ble and the investigation of choice is a CT scan; large size, 
irregular shape and evidence of infiltration are almost 
always detectable where the tumour is a carcinoma. MR 
imaging is also of value, but is unlikely to prove signifi- 
cantiy superior in decision-making terms. À recent review 
of imaging methods is worth reading (see further reading). 

Treatment for an adenoma is by surgery. The contral- 
ateral adrenal, however, nearly always remains profoundiy 
suppressed for many months after the removal of the dis- 
éased adrenal and the patient will require replacement 
therapy in the interim. Indeed, in some patients it is not 
possible to wean them, even after several years, from the 
need for substitution therapy. As with any patient with 
Cushing’s syndrome, they should be treated medically e.g. 
with metyrapone to render them fit before undertaking 
surgery. 

Adrenal carcinomas have a very poor prognosis and are 
frequently extensive with metastases at the time of presen- 
tauon. Local invasion into the liver, retroperitoneally 
and into lymph nodes are the commonest problems, but 
they also metastasize to the lungs. Removal of the primary 
should be the aim and, if this is not possible, debulking 
appears t0 be of value. There is disagreement as to 
whether radiotherapy to the tumour bed is of value, but 
the more widespread use of op DDD has improved the 
apparent outcome. This agent, a close chemical relative of 
the insecticide DDT, is cytotoxic to adrenal cells and is 
cumulative, À number of patients have prolonged remis- 
sions on thus agent with reduction in tumour mass and 
métastases, though eventual recurrence and death is the 
normal outcome. The newer version of this agent, chemmi- 
cally purer than the previous one, is imported from France 
and has proved to be much less toxic. Doses of 1-12 g 
daily have been used, though frequently the side-effects of 
nausea, vomiting and ataxia limit the dose and the agent 
also damages normal adrenal tissue such that replacement 
steroid therapy may become necessary. 

Antiadrenal drugs An increasing number of drugs 
have been described as having antiadrenal actions. 
Metyrapone, aminoglutethimide, trilostane and op DDD 
were originally known for these actions while ketocona- 
zole and etomidate were found to possess the activity by 
accident. Details are given in Table 17.4. 

The major uses of the drugs are for control of hyper- 
cortisolism in patients with Cushing's syndrome being 
prepared for surgery or definitive therapy (or where such 
therapy is impossible, e.g, ectopic ACTH syndrome with 
no resectable sole primary lesion) for which metyrapone 








hs enase blocker 
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Acts vin cytochrome P450 enzymes 


and ketoconazole are most often used, and the use of 
op DDD for adrenal carcinomas. These are specialist uses 
and should be carried out in specialist units. 


Primary aldosteromism 


Causes of primary aldosteronism are listed in Table 17.5, 
by far the commonest being adrenal adenomas and bilat- 
cral hyperplasia. Adrenal adenomas classically occur in 
younger women, While bilateral hyperplasia has a male 
excess in middle and later life and is believed by many 
to be similar physiologically to and simply an extreme ver- 
sion of essential hypertension. In recent years an increas- 
ing proportion of cases has been detected biochemically 
rather than symptomatically and the classic symptoms of 
neuromuscular weakness, tetany and polyuria, polydipsia 
and nocturia are now quite uncommon. Other cases are 
found simply from the manifestations of long-standing 
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hypertension with heart failure, though accelerated hyper- 
tension is fairly uncommon. 

Hypertension may be quite mild in younger patients 
and values should be interpreted against the normal for 
age and not simply against the World Health Organization 
criterion of 2 160/95 mmHg. 

Saline infusion Where primary aldosteronism is 
suspected but basal levels are not diagnostic, the saline 
suppression test is of value, In a normal subject 2 L of 
saline (154 mmol/L) infused over 4 h results in acute so- 
dium and volume expansion and, in the normal subject, 
suppresses aldosterone to below the normal range, It 
additionally precipitates hypokalaemia in some previously 
normokalaemic patients. This is probably the most sensi- 
tive test to exclude primary aldosteronism, but should 
not be performed in patients with dubious cardiac or 
renal function as it may precipitate heart failure. 

Other formerly used investigations including fludro- 
cortisone loading and long-term sodium loading (usually 
with slow sodium), are now little used as other biochemical 
and imaging techniques have become s0 rapid and effective. 

Other specialized tests are shown in Table 17.6 and 
discussed below. 


Differential diagnosis of primary aldosteronism 
In general adenomata (= 60%) are found more commonly 
in younger female patients with more severe biochemical 
abnormalities and bilateral hyperplasia (= 35%), cither 
symmetrical or nodular, in older men with mild biochemi- 
cal changes. Tests to differentiate the two depend upon 
both biochemical (functional) differences and anatomical 
assessment, with adrenal vein catheterization combining 
the two and being the ‘gold standard”, though technically 
demanding and invasive. 

Biochemical tests for differential diagnosis 
Many such tests are in use. In physiological terms adrenal 
adénomata are sensitive to ACTH rather than to angiotensin 
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IT while in bilateral hyperplasia the reverse pattern occurs. 
This difference forms the basis of several of the tests in 
Table 17,6. 


1. The change in plasma aldosterone concentration 
between a supine sample at 8,00 a.m. and an erect one at 
12.00 noon rehies on both the circadian change in ACTH, 
which falls from 8.00-9.,00 a.m. to 12.00-1.00 p.m., and 
on the increased postural stimulation via renin-angio- 
tensin. In the case of an adenoma the aldosterone will 
fall as ACTH falls and as stimulation by angiotensin II is 
weak; with hyperplasia it will rise as the angiorensin II 
effect is dominant. Plasma cortisol should be measured 
simultaneously to exclude the occasional ‘false positive” 
coinciding with a chance ACTH pulse. . 

2. By a similar mechanism ACTH and angiotensin 
infusion yield differing results: with an adenoma ACTH, 
but not angiotensin Il, produces a substantial increase 
in plasma aldosterone. With bilateral hyperplasia the 
opposité happens. 

3. The captopril suppression test reflects the angio- 
tensin IT sensitivity of the adrenal by reducing angiotensin 
IT levels abruptly. Patients with adenomata will show little 
reduction in aldosterone; in those with bilateral hyper- 
plasia it will fall dramatically. 

4, 18-hydroxvcorusol, which may be measured in 
plasma or urine, is a useful marker showing high 
levels with adenomata, but little change from normal in 
hyperplasia. 

5. À dexamethasone suppression test is necessary 
where glucocorticoid-suppressible hyperaldosteronism is 
suspected. Dexamethasone will suppress aldosterone 
levels in this rare condition, also reversing hypertension 
and the suppression of the renin-angiotensin-aldosterone 
system. 


Imaging techniques in the detection of primary 
aldosteronism CT scans have proved the most sensi- 
tive in detecting adenomata, but will still miss many 
tumours as they may be very small. There is, as vet, in- 
sufficient data to know whether MR scanning will prove 


superior. One problem 1s the detection of non-functioning 
adrenal tumours, the so-called ‘adrenal incidentaloma', 
There must therefore be demonstration of hormonal ex- 
cess as well as that of a ‘rumour’ before surgery is contem- 
plated. Incidentalomas are becoming more common as 
the resolution of scanning techniques increases and are 
present in a significant proportion of random post mortem 
examinations. 

Ultrasound is not sensitive enough to detect any but 
the largest tumours. Radioisotope scans, for example 
using labelled seleno- or iodocholesterol, have largely 
been supplanted in view of the relatively large dose of 
radiation involved and the long time between administra- 
tion and scanning. They do, however, produce beautiful 
pictures. 

Clinical trial of spironolactone Occasionally, be- 
fore embarking on an extensive, expensive and definitive 
work-up, it is worth considering whether precise diagnosis 
will alter management. One possible strategy is to give a 
therapeutic trial of spironolactone 100-200 mg daily for 
3-4 weeks. The response to this, in blood pressure terms, 
gives moderately accurate guidance as to whether surgery 
for the putative adenoma will ‘cure’ the hypertension — 1f 
it does not, it is unlikely that surgery will do so and medi- 
cal treatment will probably be preferable. Hypokalaemia 
from primary aldosteronism always responds to such 
blockade. 

Operative treatment Once an adenoma has been 
identified, patients should be prepared with spironolac- 
tone 100-200 mg daily for at least 2 weeks to allow resto- 
ration Of normal total body potassium, though it should 
be stopped 24h before surgery. Surgery is now usually 
undertaken by a posterior approach, with a minimal scar 
compared with the previous abdominal approach. Hyper- 
kalaemia can frequently occur as the contralateral adrenal 
is suppressed and the spironolactone effect continues; 
functional hypoaldosteronism may occur for some days 
and potassium replacement should not be given routinely 
— frequent potassium estimations are essential in the 
postoperative days. 

The tumours are classically vellow-orange when cut 
and may be only a few mm across. 

Spironolactone and amiloride Spironolactone :s 
an aldosterone antagonist and is a valuable agent where 
surgery is not possible and in the diagnosis of aldos- 
teronism and subsequent préparation for surgery; it is also 
widely used as an adjunctive potassium-sparing diuretic, 
especially in congestive cardiac failure, Some patients with 
essential hypertension also respond well, especially in the 
Afro-Caribbean population. The usual dose range is 50- 
200 mg daily, most often 100 mg daily, though it takes 
several days to be fully effective in achieving blockade; 
side-effects include nausea and vomiting, gynaecomastia 
and loss of libido. There is also some concern about long- 
term carcinogenicity in rats. 


The main alternative, amiloride in doses up to 40 mg 
daily, is less effective and also produces rashes, gastro- 
intestinal upsets and hyponatraemia. 


Secondary hyperaldosteronism 


Hyperaldosteronism secondary to increased renin-angio- 
tensin Il stimulation occurs in a variety of clinical 
situations (listed in Table 17.7), perhaps most often in 
congestive cardiac failure. The hyponatraemia reflects 
water retention driven by the hypothalamic stimulation by 
the increased angiotensin II. While secondary hyperaldos- 
teronism is physiological when, for example, vomiting 
and diarrhoea cause salt and water loss, in many of these 
chinical situations, such as congestive cardiac failure, it 
is in fact ‘inappropriate” in the sense that it worsens the 
pre-existing salt and water rétention. 


Hypoaldosteronism 


Mineralocorticoid deficiency, except in Addison’s disease, 
is extremely uncommon and causes are listed in Table 
17.8. It is usually sufficient in such cases to demonstrate 
Addison’s disease and show a high renin and low aldoster- 
one state implying failure of mineralocorticoid response. 
Suppression of aldosterone also occurs with synthetic 
minéralocorticoid administration and in the very rare 
cases Of mineralocorticoid (non-aldosterone) producing 
tumours, though here there will be hypokalaemia from 
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| Congenital adrenal D TRS (some subrypes} (see Table 17,9) 
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the excess mineralocorticoid action. Similar situations 
occur with the use of liquorice and carbenoxolone, which 
contain constituents which inhibit 11B-hydroxysteroid 
dehydrogenase in the kidney (see p. 319) and allow endo- 
genous cortisol to act on the mineralocorticoid receptors. 


Congenital adrenal hyperplasia (see also p. 377) 


Congenital adrenal hyperplasia (CAH)) is a family of auto- 
somal recessive disorders of steroid synthesis, all resulung 
in decreased cortisol secretion, Basically, an adrenal en- 
zyvme defect in the cortisol pathway leads to decreased 
cortisol production and negative feedback then causes a 
rise in ACTH drive with subsequent overproduction of 
all the steroids with intact enzyme pathways or which are 
proximal to the enzyme defect(s) (see Fig. 17.2). The 
extent of the cortisol secretory defect varies, some forms 
being serious enough to lead to Addisonian crises which 
may prove fatal in the newborn. Depending on the extent 
of the defect and whether it occurs in one or more of the 
functional zones, the defect may cause abnormalities in 
sex steroid and mineralocorticoid production, 

Severe cases present with sexual ambiguity of females 
at birth, sometimes with adrenal failure. Virilization of 
females can occur with most forms, due to increased adre- 
nal androgen production. If mineralocorticoid produc- 
tion is decreased, there is a tendency to sodium wasting 
and (possibly severe) hypotension. If mineralocorticoid 
production is increased, there may be hypertension. The 
age of presentation also varies widely, from the neonatal 
emeérgencies to apparently minor changes seen in the 
voung adult manifested as amenorrhoea or hirsuties. 

The most common type, 21-hydroxvylase deficiency, 
has recently been found to result from a molecular abnor- 
mality in the short arm of chromosome 6 near HLA-B and 
HLA-D loci (6p21.3). This produces an abnormality in 
a cytochrome P450 enzyme. 

The differing types are summarized in Table 17.9. 
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Diagnosis This may be complex and is best performed 
by, or in conjunction with, paëdiatric endocnnologists. 
The commonest defect, 21-hydroxylase deficiency, can be 
diagnosed by the findings of absolute or relative cortisol 
deficiency with raised ACTH and 17&-hydroxyproges- 
terone levels. 

Treutment Acute treatment for a sick child is essen- 
tially that of Addisonian crisis with hydrocertisone, saline 
infusion and glucose if necessary. Definitive diagnosis can 
then follow. Long-term treatment is with the appropriate 
steroids, aiming to reduce the excessive drive as well 
as correcting the defciencies, carefulls adjusied using 
17&-hydroxyprogesterone, ACTH and unnary steroid 
measurements and monitoring growth. This is an area for 
specialhist paediatric management. 


Adrenal stéroid replacement therapy 
Giucocorticord 


Standard replacement therapy for glucocorticoid def- 
ciency, from primary or secondary adrenal failure, :s 
normally given in the form of hydrocortisone (cortisol). 
Cortisone acetate, previously used, has now been sup- 
planted as it requires first-pass metabolism for activity and 
1s in any case metabolized to cortisol, The quoted average 
replacement dose is 20 mg in the morning, and 10 mg m 
the evening, though this is too much for many patients 
and especially for smaller women, Adequate doses may 
range from less than 15 mg per day (10 mg on walking, 
5 mg at 6.00 p.m.) up to as much as 40 mg per day (20 mg 
on waking, 10 mg at noon, 10 mg at 6.00 p.m.}. Clinical 
assessment is by increased well-being and restoration’ 
maintenance of normal weight, which is often a sensitive 
indicator. 

Patients can be encouraged to try different variations 
within the expected range of dose, both in total dose and 
timing, to see whar gives optimal subjective well-being — 
many physicians use regimes such as 15 mg on walking, 
5 mg at noon and 5 mg at 6.00 p.m. rather than a simple 
twice daily regime. The first dose should, however, be 
taken immediately on waking. 


Mitteralocorticord 


Mineralocorticoid replacement is normalls given as 
fludrocortisone (Qa-flüorohydrocortisone), though there 
is a significant nuneralocorticoid contribution from re- 
placement glucocorticoid therapy where this 1s given as 
hydrocortisone (cortisol). The dose ranges from 0.05 mg 
(50 ug) to 0.35 mg (300 ug}) daily, most frequently 0.1- 
0.2 mg, and is usually adjusted on the basis of patient 
well-being, plasma potassium and postural blood pressure 
readings: in the normal subject the systolic blood pressure 
does not drop more than 10 mmHg after 2 minutes’ 
standing. Some experts recommend that the plasma renin 


acuvity should be restored to normal, but this appears 
to induce overreplacement and hypokalaemia in some 
patients. 


Adrenal androgens 


It is not considered necessary to replace adrenal andro- 


gens and no such agents are available. 


Patient education and fiteratiure 


A patients requiring replacement glucocorticoid, and in- 
deed all those on pharmacological steroid therapy, should 
carry a steroid card giving details of their identity, general 
practitioner and hospital doctor, together with details of 
the latest type and dose of steroid that they are taking. Àn 
mdividuali chinician's name, hospital telephone number 
and médical record hospital} number where appropriate 
are additional aids to obtaimimng rapid information when 
nécéssary. 

Ail patients should be warned that, in the event of 
significant intercurrent 1llness or accident, the dose of 
glucocorticoid should be doubled for the duration of the 
episode, If they are unable to take rablets, because of vom- 
iung or other reasons, then parenteral therapy must be 
substituted. When possible, especially if patients five in 
rural situations, they should be supphed with an ampoule 
of hydrocorusone 100 mg for intramuscular injection, 
whuch can be kept in their fndge. This needs to be 
checked to ensure that it remains in date. 

It is additionally good practice to recommend that the 
patients wear a medical bracelet or necklace. While not 
available on prescription in the UK, these are available 
from the Medic-Alert Foundation (12 Bridge Wharf, 156 
Caledonian Road, London N1 SUU) and give very brief 
details of the patient’s medical condition, e.g. hypopitui- 
tarism, Addison's disease, together with « reference 
number and telephone number from which details may 
be obtained in emergency. 


THE ADRENAL MEDULLA 
Catecholamines 


In man adrenaline 1s derived principally from the adrenal 
medulla, whére it forms about 80%% of catecholamines, 
while noradrenaline is the primary catecholamine pro- 
duced by the sympathetic nervous system. Both adrena- 
line and noradrenaline are found in many other tissues, 
largely réflecting the sympathetic mnervation of the 
organs concerned. 

Within the sympathetic tissue of the medulla the 
catecholamines are stored in granulés with release being 
médiated by acetylcholine-imduced depolarization &f the 
cell membrane leading to a calcium influx which triggers 
exocytosis of the granules. 


Effects of adrenaline and noradrenaline 


The effects of catecholamines are short-lived. They circu- 
late protein-bound with free hormones being cleared by 
sympathetic nerve reuptake, metabolism by catechol-O- 
methyltransferase and monoamine oxidase, as well as by 
renal excretion. 


Receptors 


Cell surface receptors of several types for the catechol- 
amines exist on target cells and are now known to be more 
complex than the simple & and 5 classification. Details are 
given in Table 17.10. 

There appear to bé no significant clinical sequelae 
of adrenal medullary hypofunction, as ascertained from 
patients with adrenalectomy, assuming the sympatheuc 
nervous systém to be intact. Patients with sympathetic au- 
tonomic failure, most classically seen in diabetes méllitus 
and the Shy-Drager syndrome, may be severely sympto- 
matic but this appears entirely related to the sympathetic 
nervous system dysfunction. 


Diseases of the adrenal medulla 
Phaeochromocytoma 


These rare tumours arise from the sympathetic nervous 
system, most commonly in the adrenal, and simply are 
funcuoning Catecholamine-producing tumours. They are 
rare, with an incidence around 2 per million per year in 
Europe, and are a very rare cause of hypertension (<0.1% 
of all hypertensives). They are commonest in the age 
range 30-50 years and may arise from ganglion and other 
sympathetic cells as well as from chromaffin cells. 

Ninety per cent of phacochromocytomas are adrenal 
in origin, with 10% elsewhere in the sympathetic chain 
(paragangliomas). 10% of tumours are multiple and 10% 
are malignant, though it is not possible to determine this 
by simple histology — only the behaviour of the tumour 
itself will finally confirm its benign or malignant nature. 

Phacochromocytoma is also a major component of 
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the multiple endocrine neoplasia syndromes (MEN) types 
2a and 2b (see Ch. 38). 

Clinical syndromes and their presentation The 
classic presentation is of intermittent hypertension with 
additional intermittent symptoms of catecholamine 
exCESS. 

Symptoms can include headaches, palpitation, anxiety 
and intermittent panic attacks, nausea and vomiting, 
weight loss, abdominal pain, constipation and sweating; 
signs include blood pressure instability, hypertension, 
bradycardia and tachycardia, tremor, pyrexia, hypergly- 
caemia and heart-failure. The attacks can be precipitated 
by pressure on the tumour and/or many drugs such 
as histamine, metoclopramide, droperidol, tricyclic anti- 
depressants, phenothiazines and ACTH. 

The differential diagnosis is clearly wide, 

Diagnosis and investigation Screening is often 
carried out using 24 h urinary metanephrines which have 
a 90% specificity and sensitivity or, less accurately, 
4-hydroxy-3-methoxymandelic acid (HMMA), though 
patients need to be on a vanilla-free diet. Plasma catechol- 
amines (under resting conditions) which exceed 10 nmol/L 
for noradrenaline or 1.5 nmol/L for adrenaline are also 
around 90% specific and sensitive. Small tumours remain 
difficult to diagnose. 

Urinary free catecholamine measurements are also of 
value though small intermittentiy-secreting tumours may 
be missed. Noradrenaline levels are more often (80-90%) 
raised than adrenaline (50-70%) and overall sensitivity 
is over 90%. Urinary measurements are obviously well 
suited for screening purposes. 

Many suppression and stimulation tests are employed 
in specialist units, but disagreement about their respective 
merits continues. The glucagon stimulation test is prob- 
ably the safest and most accurate test in provoking a rise 
in plasma catecholamines and blood pressure, 

Despite all these advances it remains occasionally 
necessary to use a therapeutic trial of the o-blocker 
phenoxybenzamine. 

CT and MR scanning are widely used and radionuclide 
imaging using mectaiodobenzylguanidine (mIBG); this is 
specifically taken up by chromaffin cells, though is not 
widely available. 

Treatment The choice of treatment lies between 
surgery, desirable wherever possible as it is curative, and 
drug therapy including &- and f-blockade, Surgery on un- 
prepared patients 1s hazardous as there is frequently great 
instability of blood pressure and cardiovascular status. 
Patients with phaeochromocytoma therefore need careful 
preparation, and preparation and surgery should only be 
carried out by surgeons, physicians and anaesthetists with 
experience in this field. 

Patients should be commenced on an &-blocker, usu- 
ally phenoxybenzamine, before use of a B-blocker which 
unopposed may cause hypertension. Once «-blockade is 
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established, f-blockade should be started with pro- 
pranolol. Completion of blockade usually takes about 3 
days and may be accompanied by a significant drop in 
haemoglobin concentration as vascular volume, wlhuch is 
reduced by about 20-30% by excess catecholamines, is 
re-cexpanded: transfusion is often prudent before surgery 
takes place. Some authorities recommend infusion of 
phenoxybenzamine intravenously for 2-3 days before 
operation, 

During surgery a solution of sodium nitroprusside 
should be available as blood pressure may still prove 
unstable, especially when the tumour 1s first handled. 
Patients require long-term follow-up to check for the 
occurrence of further tumours. 

Where operation 1s not possible, long-term treatment 
with phenoxybenzamine and propranolol is effective. The 
combined c- and G-blocker, labetolol, is less effective for 
this indication. 


Neuroblastoma/sanghioneuroma 


These uncommon tumours of prenatal life, infancy and 
childhood, commaonest in boys under 3 vears of age, arise 
from the adrenal medulla or the sympathetic chain and 
may be accompanied by symptoms and signs of catecho- 
lamine excess, although their usual presentation is as an 
abdominal mass. They may be unilateral or bilareral and 
vary between relatively bemgn (ganghoneuroma) and 
very malignant behaviour including widespread metastatic 
spread (neuroblastorna). 

Approximately 75% of cases produce excess catechol- 
ammines and are detected as for phacochromocytoma, 
though dopamine secretion is often prominent. 

Treatment depends on the extent of the rcumour: 
where localhized, surmcal cure mav be expected in 60- 
80%; where the discase is extensive chemotherapv is used, 
though with poor results. 


APPFENDIX: PROTOCOLS FOR COMMON TESTS 
OF ADRENAL FUNCTION 


Protocols and reference ranges for endocrine tests are 
often difficult to give exactly, as minor modifications of 
sample timing, dose, collection conditions, chemical and 
other analytical methods may make significant differences. 
Additionally many laboratories have their own minor 
modifications (and sometimes théir own réference 
ranges}; the local laboratory should always be consulted 
before performing a complex, time-consuming, expensive 
Or INVASIVE test. 

The prorocols and reference values given should there- 
fore be taken as a guide rather than as absolute; cleariy 
normal and clearly abnormal responses can be seen as 
such, but borderline values require further thought and 
advice. 


Short Synacthen test 


In the short test, 0.25 mg of Synacthen is given intra- 
muscularly at time © after an initial sample has been taken 
for plasma cortisol. The test is normally performed at 
3,00 a.m., to which time the reference range relates. IE 
adrenal function is intact, there is an increase of plasma 
cortisol in samples taken exactly 50 and 60 man later, with 
a peak that should exceed 550 nmol/L. and with an incre- 
ment of at least 200 nmol/L. 


Long Synacthen test 


À 1 mg dose of Depo-Svynacthen {a Jlong-acting form) is 
given intramuscularly and plasma cortisol is measured 
before the injection and at +1, 2, 4, 6, 24 and 48h there- 
after, The normal response 15 an immédiate and substan- 
tial rise in plasma cortisol while, in bypopituitarism or 
adrenal suppression, the nse 15 delayed and attenuated. 
95% confidence limits for cortisol (in nmol/L) are: 


60 min 605-1265 

2h 750-1520 

4h 960-1650 

sh 1825-1606 

24h 610-1500 
Overnight suppression tests 


À dose of oral dexamethasone (usually 1 mg but up to 
2 mg have been used by some authorities) is given at 
midnight with a single measurement of plasma cortisol at 
9.00 a.m. the following morning, Suppression of plasma 
cortisol to 100 nmol/L. or below excludes the diagnosis of 
Cushing's syndrome, Failure to suppress requires further 
investigation. 


Low dose dexamethasone suppression 


The low dose test works on the same principle as the 
overmight one but requires the administranion of dexam- 
ethasone 0.5 mg every 6h for 48h with cortisol being 
measured at 9.00 a.m. on day O before the first dose and 
again at 9.00 am. on day 2 (+ 48h from day Q}, It is 
essential that dexamethasone is taken 6 hourly, which 
means the patient must wake at 3.00 a.m. each rught. 
Suppression is defined as a fall in plasma corusol below 
50 nmol/L. at 48 b. 


High dose dexamethasone suppression 


The protocel is identical to that for the low dose test, 
except that the individual doses are 2 mg every 6 h, giving 
a total dose of 8 mg per dav. It is used only in the differen- 
tial diagnosis of Cushing’s syndrome. 

Suppression is defined as a fall of 50% or more in the 
9.00 a.m. cortisol value after 48 h. 
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PART 1 
NORMAL THYROID PHYSIOLOGY 





THE THYROID GLAND 


The thyroid gland lies in front of the trachea just below 
the larynx. Embryologically it is derived from the floor of 
the pharyngceal cavity and rmigrates from the base of che 
tongue to its final position im the neck via the thyroglossal 
duct. Abnormalities of this migration give rise to ectopic 
glands which may not function normally. Occasionally the 
gland is completely absent. The gland is bilobed with a 
central isthmus and weighs 10-20 g in the adult. The 
blood flow is about 5 mL/min/g of rissue, nearly twice that 
of the kidney. The gland consists of thousands of follicles, 
each a spheroidal sac of epithelial cells surrounding a lu- 
men containg coloid, largely thyroglobulin, the pre- 
cursor of thyroid hormones (Fig, 18.1}. The thyroid also 
contains C-cells which secrete calcitonin; calcitonin is 
discussed in Chapter 6. 


Synthesis, storage and release of thyroid hormones 


Synthesis of the thyroid hormones thyroxine (T4) and 
tri-iodothyronine (T3) (Fig. 18.2) occurs in the follicles, 
beginning with the uptake of iodide from the blaodstream, 
against a steep concentration gradient, by the iodide pump 
of the basal membrane of the follicular cell (Fig. 18.3). 
The iodide pump is competitively inhibited by anions of 
sumular size to 1odide. Pertéchnetate may be used for 
radioactive imaging of the gland and perchlorate is used 
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Fig. 18.1 Structure of thyroïd folliche, 
to block the uptake of iodide, for example after accidental 
exposure to radioactive iodide, Thiocyanate competitively 
inhibits the iodide pump but is not taken up into the 
gland. 
Both thyroglobulin, a glycoprotein of molecular weight 
660 000 Da containing many tvrosyl residues, and the 
peroxidase enzyme system responsible for iodination of 
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Fig. 18.2 Structures of idothyronines, 


tyrosyl residues are synthesized within the follicular cell 
and transported to the apical membrane where the en- 
zyme is activared (Fig. 18.3). Oxidation of iodide, iodina- 
on of tyrosyl groups and coupling of two iodotyrosyl 
groups within a thyroglobulin molecule to give an 
iodothyronine are all catalysed by thyroid peroxidase 
(Fig. 18.4). Under conditions of iodide sufficiency most 
of the thyroiïid hormone molecules synthesized will be T4, 
but if the supply of iodide is limited the proportion of T3 
synthesized will increase. 





lodinated thyroglobulin incorporatung T4 and T3 is 
stored in the colloid. Under the action of thyroid-stimu- 
lating hormone (TSH, see below} colloid is taken back 
into the follicular cell as colloid droplets which fuse 
with lysosomes, T4 and T3 being released by proteolytic 
dégradation. Mono- and di-iodotyrosines are also formed. 
These latter compounds are largely deiodinated within 
the thyroid and the iodide conserved. TSH stimulates 
iodide uptake and the synthesis and iodination of thyro- 
globulin, as well as the release of thyroid hormones. Thy- 
roid peroxidase is inhibited by antithyroid drugs such as 
propylthiouracil and mercaptoimidazoles (methimazole, 
carbimazole). 

À large excess of iodide inhibits the adenylate cyclase 
response t0 TSH (see below) and iodination of thyro- 
globulin. This is termed the Wolff-Chaikoff effect. After 
a few days of exposure to high iodide levels, thyroidal io- 
dide uptake is very low, the intrathyroidal iodide concen- 
tration falls and the synthesis of iodinated thyroglobulin 
recommences. This effect can be used to prepare a thyro- 
toxic patient for thyroidectomy. 


Transport of thyroid hormones in blood 
When the lysosomal enzymes have released the thyroid 
hormones from thyroglobulin, T4 and T3 are transported 


through the follicular cell membrane and the basement 
membrane of the follicle into the bloodstream, where they 
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Fig. 18.4 Coupling of iodotyrosines to give iodothyronines. 


become bound to plasma carrier proteins. Three proteins 
share this function; in order of decreasing affinity for iodo- 
thyronines they are thyroxine-binding globulin (TBG), 
thyroxine-binding prealbumin or transthyretin (TBPA) 
and albumin. T4 is more tightly bound than T3 to each of 
these proteins. Only 0.015% of T4 and 0.33% of T3 are 
in the unbound or free form in plasma from normal sub- 
jects (Table 18.1), so that although the total molar 
concentration of T4 is some 50 times that of T3, the 
concentration of free T4 is only about three times that 
of free T3. The half-life of T4 is 5-7 days; that of T3 is 
1-2 days. 
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Free hormone concept 


There are difficulties in measuring free thyroid hormone 
concentrations (see below), However, the effects of 
thyroid hormones appear to correlate better with the free 
hormone concentration than with the protein-bound con- 
centration and it is widely believed that only free hormone 
is available for uptake into tissues, the function of binding 
proteins being that of a reserve or buffer to prevent major 
changes in free hormone concentration. Since the physi- 
cochemical events within the microcirculation are poorly 
understood (e.g. the rate of dissociation of hormone from 
binding protein relative to capillary transit time, the 
effects of blood flow parameters and the rate of uptake 
of frée hormone by tissues), it is not known whether the 
binding proteins have some positive role, perhaps in the 
differential delivery of hormone to different organs. (For a 
comprehensive review of the subject of free hormones see 
Ekins 1990). 


Mode of action of thyroid hormones: T3, the active 
hormone 


T4 is considered to be a prohormone for T3 as most, if 
not all, of the biological actions of thyroid hormones are 
mediated by T3, through binding to specific nuclear 
receptors. Much of the T3 circulating in the blood is 
formed by deiodination of T4, mainly in liver and kidney. 
The deiodinase found in these tissues (type D) is a seleno- 
enzyme and can carry out either 5 -deiodination, giving 
T3, or 5-deiodination, giving the inactive compound 
reverse T3 (rT3, Fig. 18.2). Production of rT3 is thought 
to be an extrathyroidal control mechanism regulating de- 
hvery of T3 to its receptors. In the thyrotroph cells of the 
pituitary (and in cerebral cortex and brown adipose tis- 
sue) a different deiodinase is found; this enzyme (type IT) 
carries out only 5'-deiodination. It is thought that these 
latter tissues utilize T3 derived by local intracellular 
deiodination rather than from the plasma. 


Catabolism of thyroid hormones 


In extrathyroidal tissues T4 and T3 are degraded by 
deamination, oxidative decarboxylation, ether cleavage 
and deiodination. Some metabolites may have biological 
activity. Glucuronides and sulphates are also formed, 
aiding excretion via bile or urine. 


Control of thyroid hormone synthesis and secretion 


In the presence of an adequate supply of iodide, plasma 
concentrations of thyroid hormones are controlled by the 
pituitary hormone thyroid-stimulating hormone (thyro- 
trophin, TSH) in a negative feedback system (Fig. 18.5). 
TSH binds to a specific receptor on the surface of the 
follicular cell. The receptor is a single protein with a large 
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Fig. 18,5 The hypothalamo-piruitary-thyroid axis. 


extracellular amino terminal domain involved in the 
binding of TSH, seven transmembrane domains and a 
short intracellular carboxy terminal domain involved in 
the activation of G-protein modulators of the adenvylate 
cyclase-protein kinase-A system. These characteristics are 
shared with receptors for gonadotrophins; their extracellu- 
lar domains show some 40% homology, the remainder 
being more highly conserved. This may explain the weak 
thyroid-stimulating activity of chorionic gonadotrophin 
(hCG). 

Binding of TSH results in activation of adenylate 
cyclase and accumulation of CAMP. After about an hour, 
an increase in release of thyroid hormones is seen. In 
the longer term, TSH increases the synthesis of iodinated 
thyroglobulin and also causes a general increase in the 
metabolism, size and activity of che follicular cells. TSH 
secretion is stimulared by thyrotrophin-releasing hormone 
(TRH) from the hypothalamus and suppressed by T4 
and T3. Although the pituitary senses thyroid activity via 
T3 derived from local intracellular deiodinanon of T4, 
exogenous T3 does suppress TSH production. There is a 
circadian rhythm of TSH secretion, plasma concentra- 
tions being highest between midnight and 4.00 a.m. and 
lowest at about midday. TRH is not readily measurable in 
peripheral blood. 


Disorders of thyroid function 


It follows from Figure 18.5 that if the hypothalamus and 
pituitary are considered as a single entity, there are four 
possible disorders of the pituitary-thyroid axis, each with 
a characteristic pattern of biochemical results, as shown 
in Table 18.2. 

Disorders of thyroid function are common, whereas 
disorders of pituitary function are rare, pituitary failure 
being perhaps 1000 times less common than thyroid dis- 
case and TSH-secreting pituitary tumours rarer still. This 





simple model is, however, complicated by a number of 
extrathyroidal factors which may perturb the in vivo sys- 
tem and/or in vitro testing. 


Extrathyroidal factors which may affect thyroid 
function 


Agé 


Thyroxine and TSH are detectable in fetal plasma at 10- 
12 weeks of gestation. Fetal plasma concentrations of total 
and free T4 , total and free T3, TBG and albumin in- 
crease during gestation, total and free T4 reaching adult 
levels at about 36 weeks, but total and free T3 reaching 
only the lower limit of adult values at this time. The con- 
centration of TSH also increases with gestational age but 
is within or above the adult reference range throughout 
gestation. 

During the first 24 h after birth, a rapid, transient in- 
crease in the release of TSH and T4 occurs, thought to 
be due to the drop in ambient temperature at birth. This 
effect may be attenuated in infants delivered prematurely. 
Screening for congenital hypothyroidism should be car- 
ried out after at least 3 days to avoid spurious results. 

During childhood, plasma concentrations of TSH and 
free T4 are within the adult range but free T3 is higher 
than in adults. After puberty no major changes in normal 
thyroid function occur, except in the pregnant woman. In 
old age plasma free T4 concentration may fall shghtly and 
requirements for exogenous T4 in thyroid failure may also 
decrease. 


Pregnancy 


In normal pregnancy there is a large oestrogen-induced 
rise in plasma TBG concentration and also a fall in albu- 
min; total T4 and total T3 concentrations are therefore 
markedly raised. Free thyroid hormone concentrations 
may initially show a slight rise, thought to be due to the 
weak thyroid-stimulating action of human chorionic gona- 
dotrophin (hCG), present in very high concentration in 
carly pregnancy. Thereafter most methods for free hor- 
mone estimation show a fall as pregnancy progresses, 
though most values remain within the normal non-preg- 
nant range. TSH concentrations, although higher than in 
the non-pregnant state, remain within the non-pregnant 
range. 


Hyperemesis gravidarum (severe vomuting in the first 
trimester of pregnancy) 1s associated with high plasma 
total and free thyroid hormone concentrations, making 
it difficult to distinguish this condition from severe trué 
thyrotoxicosis (thyroid crisis), It is believed that hCG 
is responsible for the thyroid stimulation; the condition 
usually resolves by the second tmmester. 

Thyrotrophin releasimg hormone can cross the placenta 
from mother to fetus, but TSH does not, There is evi- 
dence that thyroid hormone crosses the placenta in the 
first trimester. lodide and antithyroid drugs also pass to 
the ferus, making the treatment of thyrotoxicosis in preg- 
nancy difficult, and transplacental passage of antithyroid 
antibodies is a cause of transient neonatal thyrotoxicosis 
and hypothyroidism. 


Non-thyrordal idllness 


Although major Changes im the results of thyroid function 
tests are found in patients with severe non-thyroidal ill- 
ness, there is still controversy about the nature and clinical 
significance of changes in thvroid function and tissue ex- 
posure to thyroid hormone that occur 2 tivo, Interpreta- 
tion of results of tests should take into account that during 
both illness and recovery from it the patient is not in a 
stcady state. 

During fasting or systemmic illness extrathyroidal con- 
version Of T4 to T3 is reduced, so that plasma total and 
free T3 concentrations fall, with a concomitant increase in 
that of reverse T3, This is thought to be a mechanism for 
energy conservation, as r'[3 is not metabolically active. In 
addition the clearance of r T3 decreases, while clearance of 
T4 increases, plasma concentrations of binding proteins 
decrease and TSH may fall to low or undetectable levels. 
Concentrations of free fatty acids and other substances 
which can compete with thyroid hormones for binding to 
plasma proteins may rise. {n &ito this could produce a 
transient increase of frec T4 followed by a decrease. 
Drugs which compete for T4 binding sites will have a 
similar effect. Uptake of thyroid hormone into cells may 
be reduced, either directly by inbibitors or indirectly as 
a result of impairment of the active transport systems of 
the cells. 

fn cire, methodological shortcomings render the 
results of free hormone analvsis Hable to serious error, 
Many studies have shown free T4 to be low, but some 
have found normal or raised levels; these differences re- 
flect methodological problems as well as differences in 
severity of illness in the populations studied, Finally ad- 
ministration Of corticosteroids or dopamine may com- 
pletely suppress TSH release, Normalization or transient 
rebound elevations of thyroid parameters may be seen 
duning recovery from non-thyroidal ïllness or refeeding 
after starvation. 

Despite many studies it is still not clear whether ‘tissue 
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hypothyroidism’ occurs during non-thyroidal iliness and 
if so, whether this is a beneficial adaptanon to the need to 
conserve energy. Although the severity of depression of 
free T4 concentration can be a predictor of unfavourable 
outcome in patients in intensive care units, trials of T4 
administration in severe non-thyroidal 1llnéss have not 
shown improved outcome. Ît is clear, however, that 
screening such patients for thyroid dysfunction on admis- 
sion to hospital cannot be recommended, Thyroid func- 
tion tests should be carried out on inpatients only if signs 
of thyroid dysfunction are present or after stabilization of 
the patients condition. [f the patient 15 frankiy hypothy- 
roid TSH will still be grossly raised but diagnosis of thyro- 
toxicosis in the sick patient can be difficult, as free T3 can 
be falsely normal and the finding of suppressed TSH is 
not diagnostic. 


Chronic renal fadure 


In chronic renal failure, plasma total ‘T4 and total T3 
concentrations are low, reflecting low binding protein 
concentrations, Messurements of plasma free hormone 
concentrations are method-dependent, bemg low by ana- 
logue methods and high or normal by other methods. 
Tissue uptake of T4 may be impaired. After haemodialy- 
sis plasma free T4 concentrations increase; the probable 
cause is the use of heparin as anticoagulant during dialy- 
sis. Heéparin activates lipoprotein lipase, releasing non- 
estenihed fatty acids. (see Ch. 19 for further discussion of 
thyroid function in chronic renal failure.) 


Biological actions of thyroid hormones 


Thvrnd hormoncs produce enhancement of intracellular 
events including translation and transcnipuon, leading to 
changes in cell size, cell number and cell function. They 
promote differentiation and growth and are important in 
fetal and neonatal development. 

Thyroid hormones increase mitochondnal oxidative 
phosphorvlation and maintain amino acid and electrolyte 
transport into the cell. They increase calorigenesis and 
OxvgEN CONSUMPTUON In most tissues, though not in brain. 
Thyroid hormones stimulate the synthesis of proteins, in- 
cluding structural proteins and enzymes, and also activate 
enzymes without the synthesis of new protein. They regu- 
late all aspects of carbohydrate metabolism, increasmg 
gluconeogenesis and accelerating insulin degradation. 
Thyrotoxicosis can therefore lead to à detérioration of 
control in diabetes mellitus. 

Stimulation of lipid metabolism leads to a fall in plasma 
cholesterol, as dégradation is increased to a greater extent 
than synthesis. Bone turnover is stimulated, resorption 
more so than mineralization, raising plasma calcium, In 
general the effect of thyroid hormones on the turnover of 
any substance will depend on the relative effects on syn- 
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thesis and degradation, The actions of thyroid hormones 
increase demand for coenzymes and vitamins. 

Complex interactions occur with the sympathetic nerv- 
ous system, Thyroid hormones also interact with other 
hormones by modulatuing their synthesis and degradation 
and the responses of target tissues. À single mechanism 
responsible for these many effects has not been identified. 

Before specific tests of thyroid gland activity were avail- 
able, changes in metabolic parameters, especially the basal 
metabolic rate (BMR), were used as indices of thyroid 
status. Like the BMR, most changes in biochemical pa- 
rameters produced by changes in thyroid status are not 
sufficientiy specific or of such magnitude to be useful as 
tests of thyroïid function, though the association may be 
sufficiently close that the finding of an abnormality should 
provoke à request for testing for previously unsuspected 
thyroïd disease, For example, hypothyroidism is a rela- 
tuively common and easily treatable cause of raised plasma 
cholestérol. Equally it may also be helpful (and avoid 
unnecessary investigations) to anticipate these changes in 
cases of known thvroid dysfuncuion and to expect their 
normalization after treatment of the thyroid disorder. 
Some examples are listed in Table 18.3. When consider- 
ing possible overtreatment of hypothyroid patients, it 
should be borne in mind that the effects of once daily oral 
dosage will be greater on the liver than on other tissues. 


PART 2 
THE EVALUATION OF THYROID FUNCTION 


This section describes the methods that have been devel- 
oped in order to assess the functional state of the thyroiïid 
gland. 


Clinical evaluation of thyroid status 


Disordered thyroïd function may be detected climically by 
demonstrating both changes in the thyroid gland itself and 
the systemic effects of under- or overproduction of thyroid 
hormones. In some instances, the clinical presentation 





may be virtually diagnostic of a specific condition and in- 
vestigations are required only for confirmation. In others, 
the clinical features may be less specific and more thor- 
ough invesugation is required. The signs and symptoms of 
thyroid dysfunction are listed in Tables 18.9 and 18.12. 
The normal thyroid can often be palpated and may also 
be visible, particularly in young, thin women. Abnormal 
thyroid enlargements may be diffuse or asymmetrical. As 
a result of connective tissue attachments to the trachea, 
thyroïd swellings move upwards on swallowing and a 
similar phenomenon is found with tongue protrusion in 
the case of thyroglossal cysts. The normal gland has a 
‘rubbery” feel; in Graves disease and diffuse colloid goitre 
the consistency is softer. By contrast, the thyroïd in 
Hashimoto’s disease is often rather firm, often with a pal- 
pable pyramidal lobe. Thyroid carcinoma and KRiedel’'s 
thyroiditis result in a rock hard gland which may, in the 
case of carcinoma, be irregular in outline, Increased blood 
flow through a hyperactive gland will often be associated 
with a bruit. This may be maximal over the superior thy- 
roidal artery rather than the gland itself and, in individual 
cases, may also produce a palpable thrill. 


Imaging the thyroid 


Standard radiography gives only limited information in 
the case of thyroid enlargement and is not used routinely. 
X-ray of the chest may, however, show a superior medias- 
tinal mass in patients who have retrosternal extension of 
a goitre and the presence of tracheal deviation with or 
without narrowing of the lumen may also be noted. 

Thyroïd ultrasound can demonstrate the type of thy- 
roid enlargement (diffuse or localized) and nature (solid 
or cystic, single or muluple) of thyroid nodules. In the 
case of a solitary thyroid nodule, the ability to image the 
internal structure of the nodule greatly facilitates assess- 
ment of the risk of malignancy, with purely cystic, smooth- 
walled lesions having low risk and solid or mixed lesions 
higher risk. It is, however, not possible definitively to ex- 
clude malignancy using ultrasound alone and biopsy of 
the nodule may be required. 


Thyroid biopsy 


Percutaneous needle biopsy of the thyroïd, if available, 
can provide tissue for cytological evaluation without the 
need for surgery. However, operative gland assessment 
and perioperative biopsy with frozen secnon histology 
may still be necessary in difficult cases. 


In vivo tests of thyroid activity 
The ability of the thyroid to concentrate radioisotopes of 


iodine and other substances has been utilized for many 
véars to identify areas within the gland which are or are 


not functionally active. These imaging systems are of par- 
ticular value in the evaluation of chyroid nodules, where 
the presence of non-functioning sold tissue is associated 
with a much higher nsk of malignancy. Although subject 
to important limitations, the level of overall gland acuvity 
can also be assessed. 


Lhvroid scmiscanmng 


Using intravenous adminmistranion of radioisotopes and a 
scintillation camera, qualitative images of functioning thy- 
roid tissue can be obtained and the proportion of the total 
dose taken up by the gland can be quantified, Cf the avaii- 
able isotopes, °FTc, given intravenously as pertechnetate, 
is concentrated within the gland but not organified into 
thyroid hormone and therefore diffuses out of the gland 
with tüme. This fact, together with its short half-life, 
means that large doses can be administered without deliv- 
ering à high radiation dose to the thyroid. The gland is 
imaged early after injection (4-6 h) and imaging times can 
be short. 

Disadvantages of use of thus isotope are that it cannot 
rehably be used to identify retrosternal glands (as confu- 
sion may arise with intravascular radioactivity) and the 
lack of information regarding 1odine organification, Use of 
radioisotopes of iodine circumvent this latrer problem, 1] 
perhaps being the best isotope to use when imaging thy- 
rod tissue 10 its normal site as, by comparison with other 
isotopes of iodine, it delivers a much lower total radiation 
dose to the gland. Jodine-131, with higher energy and 
longer half-life, is useful where deep thyroiïd tissue 15 sought 
or where there is a need 10 detect and treat by irradiation 
functionally active metastatic thyroïd carcinoma. 


Uptake studies 


By quantifving the proportion of thé total admuinistéred 
dose of isotope concentrated within the thyroïid gland 
during a given time period, it is possible to estimate the 
acuvity of the gland, uptake increasing with increased 
gland activity and vice versa. However, gland uptake of 
isotopes of 1odine may be critically imfluenced by many 
factors other than gland activity (such as dietary iodine 
content, coincidental administration of iodine-containing 
drugs such as armodarone, previous administration of 
iodine-containing contrast media for radiological investi- 
gatuions) and the results of such uptake studies should 
be interpreted with caution, biochemical tests of thyroïd 
function have therefore superseded uptake studies in the 
measurement of gland activity. 


Perchlorate discharge test 


Rarely, hypothyroidism results from defects in enzvmes 
responsible for the orgaruficanion 6€ iodine into thyroid 
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hormone (described below). In such cases iodine will 


be trapped within the thyrocyte but 15 not orgamiied, 


Perchlorate, given orally as potassium perchlorate in a 
dose of 1 g, will cause inhibition of the active transport of 
iodine across the thyrocvre membrane and hence lead to a 
loss of non-organified iodine from the gland, By allowing 
a known dose of radioactive 10dine to accumuiate in the 
gland for 2 hours prior to administerning perchlorate and 
then counting the change in gland radioacuviry 1 hour 
later, a measure of the non-organified pool of gland iodine 
can be obtained. Under normal circumetances less than 
5% of the initial gland activity will be lost over this time 
period. The degree of loss of trapped iodine 1s propor- 
tional to the extent of the organificanion defect, Results 
should be interpreted with caution, as although the test 
will be positive in patients with such enzyme defects. it 
may also be positive in other circumstances, such as 
following administration of the antithyroid agents cartn- 
mazole and propyltmouracal, in some pauents with de- 
structive thyroiditis (Hashimoto’s disease) and following 
therapeutic doses of !"T as treatment for hyperthyroidism. 


In vitro tests of thyroid activity and pituitary- 
thyroid status 


Total T4 and total T3 


Piasma concentrations of T4 and T3 can be measured by 
immunoassay with the inclugon of a blocking agent to 
release the thyroid hormone from its binding proteins. 
Although changes in T4 and T3 normally occur in 
parallel, T3 is more likely to be unequivocally raised in 
thyrotoxicosis and T4 is a more rchiable test for hypothv- 
roidism. Since T4 and T3 are largely protein-bound in 
plasma, the values for total T4 and total T3 will be de- 
pendent on the concentrations of binding proteins, The 
reference ranges are therefore wide {Table 18.4) and a 
firm diagnosis of thyroid dysfunction will usually require 
confrmatory tests. 

For most of these analytes the values are method- and 
population-dependent; except for free thyroid hormones 
(see below) the differences are slight, 


Free T4 and free 13 


Estimation of the concentration of non-protein bound T4 
or T3 (free T4 or free T3) is considerabiy more difficult 
than measurement of the total concentration, since it in- 
volves measurement of picomolar amounts of unbound 
hormone in the presence of nanomolar amounts of bound 
hormonc and a reversible equihbrium between bound and 
free forms. 

Indirect methods of assessment of free hormone con- 
centration by estimation of unoccupied proteim-binding 
sites, as in the T3 uptake test, the result of which muiti- 
plied by the total T4 concentration gives the free T4 in- 
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dex, are probably now obsolete, although such techniques 
are valid if properly calibrated. The T4:TBG ratio is an 
indicator of free T4 only when the concentrations of other 
binding proteins are normal. 

Methods for the measurement of free hormone concen- 
tration can be divided into those which separate the free 
fraction before measurement (by sensitive immunoassay) 
and those which measure the free hormone without previ- 
ous physical separation. Methods in the first group, for 
example ultrafiltration, equilibrium dialysis and gel filtra- 
tion, are more demanding of expertise, time and sample 
volume but, although subject to some artefactual error, 
are regarded as more reliable than the direct methods, 
During the long incubation required for equilibrium dialy- 
sis, non-ésterified fatty acids may be released from endog- 
enous lipids in the sample and the effects of competitors 
of hormone binding may be altered by dilution of the sam- 
ple. Ultrafiltration is probably the closest to a reference 
method available at present. 

Direct methods involve the performance of an 
immunoassay of the free hormone in the presence of pro- 
tein-bound hormone and unoccupied binding proteins, 
necessarily with minimal disturbance of the original equi- 
hbnium between these entinies. The so-called analogue 
methods use as tracer derivatives of T4 (or T3) capable 
of binding to antibody but not reacting with binding 
proteins; often in practice this condition has not been ad- 
equately met and the results of such assays have shown 
some dependence on the concentration of binding pro- 
teins, especially albumin. Two-step assays involve reac- 
tion of the free hormone in the sample with solid-phase 
antibody, removal of the sample and back-utration of 
unoccupied binding sites on the antibody with labelled 
hormone. These assays are largely free from problems 
associated with abnormal binding proteins. 


Most methods involve a dilution of the sample. Since 
the concentration of free hormone is very small compared 
to that of bound hormone, dilution should have only a 
slight effect on the result, but even in an otherwise valid 
assay the presence of competitors of hormone binding 
may produce unpredictable artefactual changes. The 
reference ranges for free T4 and free T3 are method- 
dependent; results from assays with comparable normal 
ranges may differ greatly in extreme circumstances such as 
severe non-thyroidal illness or chronic renal failure. 

Antibodies which bind T4 and/or T3 are occasionally 
found in vivo, They interfere in vitro with immunoassays 
for total and free T4 and/or T3. The effect depends on the 
affinity constant of the antibody relative to that of the 
reagent antibody and on the design of the immunoassay, 
but usually an apparent gross elevation of free hormone is 
seen. These antibodies can be demonstrated in wirro using 
an analogue tracer to bind to the antibody and precipita- 
tion of the immunoglobulins with polyethylene glycol. 

Interference in analogue assays for free T4 also 
occurs in familial dysalbuminaemic hyperthyroxinaemia, 
in which abnormal variants of albumin or prealbumin 
with enhanced affinity for T4 are present. Affected indi- 
viduals are euthyroid in the absence of thyroiïd disease. 


Thyroid-sumulanung hormone (TSH) 


The measurement of plasma thyroid-stimulating hormone 
is an important test of thyroïd function. Early immuno- 
assay methods had detection limits of about 1 mU/L and 
were therefore unable to distinguish between low normal 
concentrations and the suppressed values found in hyper- 
thyroidism, Newer, immunometric methods have detec- 
uon limits of 0.05 mU/L or less; such assays can readily 
discriminate between euthyroid and suppressed levels of 
TSH and can be used as the first-line test of thyroid func- 
tion. Except in hypothyroidism secondary to pituitary dys- 
funcuon, which is uncommon and usually accompanied 
by signs of deficiency of other pituitary hormones, a nor- 
mal plasma TSH concentration indicates that the patient 
is euthyroid. Raised TSH concentrations are seen in frank 
hypothyroidism, when total T4 and free T4 will be low, 
and in compensated or subclimical hypothyroidism, when 
normal ‘T4 secretion may be achieved as a result of in- 
creased drive from the pituitary, TSH concentrations may 
be temporarily above the normal range during recovery 
from non-thyroidal illness or on refeeding after starvation. 

A low or undetectable TSH concentration must be 
interpreted with caution and usually confirmatory tests 
will be needed. Undetectable TSH concentrations will 
occur in patients with thyrotoxicosis and in those treated 
with excessive doses of replacement thyroid hormone and 
also in those with so-called subclinical hyperthyroidism, 
in whom autonomous thyroid function is not, or not yet, 
associated with excessive thyroid hormoncé secretion., The 


phenomenon of persistence of suppression of TSH after 
the return of thyroid hormone levels to normal is seen in 
both treated thyrotoxicosis and overtreated hypothyroïid- 
ism. Subnormal or undetectable TSH is also seen in non- 
thyroidal illness, especially in elderly subjects, and during 
fasting and corticosteroid and dopamine therapy. 

Interference in immunometnic assays is rare. Heterophilic 
antibodies (antibodies to animal immunoglobulins) may 
crossreact with reagent antibodies and produce interference, 
usually positive, in immunoassays, Antimouse antibodies 
may ocCur in patients who have received mouse monoclonal 
antibodies for diagnostic or therapeutic purposes. Rheu- 
matoid factor and complement can also cause interference. 

TSH assays with detection limits of the order of 
0.005 mU/L are now providing new information about 
the physiological action of this hormone. It may be possi- 
ble to disunguish the subnormal TSH values seen in non- 
thyroidal illness from the profoundly suppressed values of 
thyrotoxicosis. (For a recent review of the use of sensitive 
TSH assays see Nicoloff and Spencer 1990.) 


TRH test 


In this dynamic test of pituitary-thyroid function, the 
TSH response to an intravenous dose of thyrotrophin- 
releasing hormone (TRH}) is measured. Although for- 
merly a major test of thyroid function and still used as a 
measure Of TSH reserve in pituitary dysfunction, in thy- 
roid disease this test gives no more information than can 
be obtained from the basal TSH level measured by a sen- 
sitive assay, since the peak value is proportional to the 
basal value, Figure 18.6 shows typical responses seen with 

Serum TSH 

(mU/L) 


200 ug TRH iv 





Minutes after TRH 
e—— Exaggerated (hypothyroid}) response 
°° Normal response 
ee Fiat (hypertnyroid) response 
Fig. 18.6 The TRH test. 
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this test. The test may be of value in the diagnosis of 
thyroid hormone resistance or TSH-secreting adenoma. 


Thyroxine-binding globulin 

The concentration of TBG can be measured by immu- 
noassay. This test is not normally required for assessment 
of thyroid function, but can be useful in the elucidation of 
results of other tests. Causes of abnormal levels of TBG 
are given in Table 18.5. 


Thyroglobulin 

Thyroglobulin is normally present in the circulation in 
very small amounts and although levels may be raised in 
many thyroid disorders, its measurement (by immuno- 
assay) is useful only in the follow-up of patients with 
thyroid neoplasia, in whom elevation of previousiy sup- 
pressed concentrations may indicate tumour recurrence. 
Antibodies to thyroglobulin, present in the blood of many 
subjects with or without thyroid dysfunction, may inter- 
fere in the assay. 


Qt suburats 


The pituitary glycoprotein hormones TSH, FSH and LH 
are composed of two subunits, the & subunit being com- 
mon to all three hormones and the B subunit being 
specific to each hormone. The plasma concentration 
of & subunit can be measured by immunoassay, without 
crossreaction from complete hormone molecules, and it 
may be raised in patients with pituitary tumours. Raised 
levels are also found in some postmenopausal women. 


Autoantibodies to thyroidal antigens 


The existence of an immunological response 10 the thyroid 
in certain disease states was first described by Doniach 
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and her colleagues over 30 vears ago. We now recognize 
that a variety of autoantibodies directed against thyroidal 
antigens may be found in many thyroid diseases, The 
pathophvsiological importance of such immune responses 
is partially understood in certain disease states, but much 
remains to be learnt in this area. 


Anthodies to thvroid peroxidase 


Originally known as thyroid microsomal antibodies, these 
anubodies are found in almost all (95%) pauents with 
autoimmune hypothyroidism secondary to Hashimoto's 
thyroiditis early in the course of the disease and in some 
patients with other autoimmune thyroid diseases. The 
antibodies are polyclonal and their target antigen has been 
identified as the thyroid peroxidase enzyme, which plays 
critical roles in thyroid hormone synthesis. These anti- 
bodies can occasionally be demonstrated usually in low 
ütre, in asymptomatic individuals, particularly females. It 
is likely that they play a pathogenic role in many patients 
with destructive autoimmune thyroid disease and they 
have been shown both to directly fix complement on the 
thyrocyte and to direct cell-mediated cytotoxic reactions 
against thyrocvtes. 

Knowledge of the presence of this group of antibodies 
can be of value in several circumstances. The presence 
of high titre antiperoxidase antibody in the presence of 
hypothyroidism is characteristic of Hashimoro’s disease; 
they may also be seen in association with the early, tran- 
sient hyperthyroidism sometimes associated with thus 
condition. In pregnancy, the presence of antiperoxidase 
antibody is a sigruficant risk factor for the future develop- 
ment of postpartum thyroiditis with disturbed thyroid 
function, a condition that has also been postulated as 
contributing to the aetiology of postnatal depressive ill- 
ness. In more general terms the finding of antiperoxidase 
antibody in high titre is indicative of chyroid autoimmu- 
nity and may hence be associated with present or future 
occurrence of other organ-spécific autommmune disease, 
Finally, patients with ophthalmic Graves’ disease (eve 
signs typical of Graves’ ophthalmopathy but wirhout a 
present or past hustory of hyperthyroidism} are often 
found to have these antibodies, confirming the association 
with autoimmune thyroid disease despite a lack of pertur- 
baton of thyroid function per se. 


Antibadies to thyroglobulin 


Antibodies to thyroglobulin are also found in patients with 
thyroid autoimmunity, though in general they are found 
with lower frequency than the antiperoxidase antibodies. 
These antibodies do not fix complement and are not 
known to play a direct pathogenic role in the aetiology of 
autoimmune thyroid disease in man, Thyroglobulin itself 


is present in the Circulation in normal individuals and 
levels are known to increase in association with damage 
to the thyroid from any cause, 


Antbodies 10 the TSH receptor 


The hyperthyroidism of Graves’ disease is mediated via 
the effect of IgG class autoannibodies which bind to the 
thyrocyte plasma membrane, either at or close to the TSH 
receptor, and produce an increase in intracellular levels of 
cyclic AMP, Levels 6f such antibodies can be correlated 
with thyroïid gland hyperfuncuon. Two types of assay 
system are in use; the first measures the capacity of the 
autoantibody to inhibit the binding of radiolabelled TSH 
to its receptor on human thyroid membrane preparations 
(TSH-bindimg inhibiting immunoglobulin or TBE) and 
the second the increase in évclic AMP levels in thyroiïd 
préparations following stimulation bv the patient’s 1gG 
(thyroid-suimulating anubody or TsAb). During periods 
of thyroid overactivity, these assays will be positive in 
60-604 of patients. 

It has been suggested in a number of publications that 
therapy for hyperthyroid Graves’ disease using antithyroid 
drugs should be continued until TSH receptor anrnibodies 
decline if remission 15 to be maintained. Knowledge of 
TSH receptor antibody status in Graves’ patents during 
pregnancy is also of prognostic value; the infants of pa- 
tients with high titre antibodies during the third trimester 
have an increased risk of neonatal hyperthyroidism 
secondary to transplacental passage of maternal auto- 
antibody. Such neonatal hyperthyroidism is transient, 
setthng as maternal antibody disappears from the child”s 
circulation. 

Other TSH receptor antibodies {‘blocking’ antibody), 
aithough infrequently demonstrated, can imbibit gland 
function and lead to hyporhyroidism; the predominant 
effect (stimulation versus blocking) may vary in a single 
patent with me, However, gland stimulation 18 far more 
commons found. 


Antibadies to eve antigens 


The aetiology of the ophthalmopathy of Graves’ disease is 
very poorly understood, Whilst it is clear that the orbital 
manifestations of Graves” disease have an immunological 
basis, the putative orbital antigen(s} involved have not 
been identified. Earlier reports that disease-specific anti- 
bodies to eve muscle were involved have not been sub- 
stantiated, Some of the features of the disease have been 
suggested as favouring a cell-mediared immunological 
basis for the orbital disease and much work remains to be 
done in this challenging arça. In recent vears considerable 
sequence homology has been demonstrated berween 
thyroglobulin and the enzyme acetyl cholinesterase, which 
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is present in high concentration in eye muscle; immuno- 
logical crossreactivity between these two molecules may 
be a possible explanation for the association between thy- 
roid and orbital disease as is seen in Graves’ ophthalmo- 
pathy. Unfortunately, there is no substantive evidence to 
support this hypothesis to date, 


Antibodies to other thyroidal antigens 


Autoantibodies to the thyroid hormones themselves may 
be found; they may interfere with immunoassay of thyroid 
hormone, as outlined earlier. 

Antibodies to other thyroïidal antigens have been 
described in patients with autoimmune thyroid disease, 
Their diagnostic significance is not clear, though some 
appear to be associated with particular patient groups 
(such as the antibody response to the ‘second colloid anti- 
gen’ in patients with Hashimoto'’s thyroiditis who are 
thyroglobulin annbody-negative on routine testing). 


The effects of some drugs in common use, and some sub- 
stances frequently ingested in natural circumstances, on 
thyroïd function are listed in Table 18.6. Effects on tissue 
exposure to thyroid hormone are listed in Table 18.7 and 
on #n vitro thyroid function testing in Table 18.8, Some 
drugs, €.g. phenytoin, may have multiple effects. Some 
effects will be only transient if the negative feedback 
control system is functional. 
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PART 3 
HYPERTHYROIDISM 


Clinical features 


The clinical symptoms and signs which may result from 
the hyperthyroiïd state are summarized in Table 18.9, The 
clinical picture seen may be modified by the presence of 
coexisting systemic diseases and can depend on the age 
of the patient. Certain of the thyroid diseases themselves 
also produce characteristic physical signs; for example, the 
orbital and cutaneous manifestanions of Graves’ disease. 
The changes seen in the major organ systems are de- 
scribed below. 


Cardiovascular system 


Many of the manifestations of hyperthyroidism relate to 
the increased demands placed upon the cardiovascular 
system. High circulatuing levels of thyroid hormones have a 
direct stimulatory effect on cardiac muscle. Heart rate and 
stroke volume are both increased at rest (including during 
sleep) and peripheral vascular resistance is reduced, lead- 
ing to a marked rise in cardiac output in patients who have 
no pre-existing cardiac disease. Arrhythmias, usually su- 
praventricular, occur frequently. Atrial flurter/fibnillation, 
producing a pulse which is irregular in both rate and vol- 
ume, is seen in over 10% of patients with hyperthyroidism 
and may be the presenting feature in some cases. Patients 
who suffer from ischaemic chest pain typically find that 
angina worsens as a result of the increased metabolic 
demands placed on the myocardium. 





Thyroïd crisis 

Florid hyperthyroidism may result in a life-threatening 
iliness. In these fortunately uncommon cases (thyroiïd 
‘enisis” or ‘storm’) cardiovascular symptoms and signs pre- 
dominate. Circulatory collapse is characteristic and results 
from both the above mechanisms and from a reduction in 
intravascular volume due to fluid loss (excessive sweating, 
gastrointestinal losses, etc.). Pharmacological attempts to 
correct abnormal cardiac rhythms are usually unsuccess- 
ful in the face of continuing hyperthyroidism. Manage- 
ment aims to control the hyperthyroidism rapidly (using 
large doses of antithyroid drugs, including iodine) whilst 
treating the patient symptomatically. B-Blocking drugs 
such as propranolol are used in these patients (perhaps the 
only indication for their use in the presence of heart fail- 
ure) and measures to cool the patient are often needed. 
Use of steroids under these circumstances may be of addi- 
tional value. 


Gastrointestinal system 


Weight loss is a classic fearure of hyperthyroidism, often 
occurring despite an increased appetite. Increases in 
gastrointestinal motility lead to increased frequency of 
bowel movement, though true diarrhoea does not usually 
result. Less often, anorexia may be present and may 
contribute to the clinical picture of so-called ‘apathetic” 
thyrotoxicosis, often seen in elderly patients. Nausea and 
vomiting are also uncommon, but may precede the onset 
of a thyrotoxic crisis. In severe hyperthyroid states liver 
function can be markedly deranged, with hypoalbumin- 
aemia and elevation of plasma transaminase and alkaline 
phosphatase activities, 


Central and penipheral nervous system 


Generalized hyperkinesia is very often seen in hyperthy- 
roid individuals, frequently being accompanied by emo- 
tional lability, À fine tremor of the outstretched fingers 1s 
also characteristic. Patients complain of inability to sleep, 
despite often profound feelings of tiredness. In the elderly 
such lethargy may be the predominant clinical feature 
and gives rise to the highly descriptive term ‘apathetic 
thyrotoxicosis” described above, 


Locomotor svstem 


Muscular weakness particularly affects proximal muscles. 
The aetiology of the weakness may be related to impaired 
phosphorvylation of creatine; muscle biopsy shows loss of 
type Ib muscle fibres, with replacement by fat and occa- 
sional lymphocytic infiltration. The muscular changes re- 
verse when euthyroidism is restored, but power can take 
several weeks or months to return fully to normal. Perio- 
dic paralysis, associated with hypokalaemia during attacks 





of weakness, is also seen in association with hyperthy- 
roidism, particularly in Oriental people, True myasthaenia 
is found in approximately 1% of patients with Graves 
disease and similarly myasthenia sufferers have an in- 
creased incidence of Graves' disease. 


Respiratory system 

As part of the generalized myopathy, respiratory muscle 
funcuion may be impaired and pulmonary compliance 
may also be reduced. Dyspnoca may result from these 
changes and breathlessness secondary to cardiac dysfunc- 
tion may also be exacerbated. AIl these changes are revers- 
ible with appropriate antithyroid therapy. 


Skin and hair 


With prolonged elevation of thyroid hormone levels, 
diffuse hair loss is common and the naïils may become 
elevated from the nail bed (onycholysis) and are bnittle. 
Palmar erythema may be found; the skin itself feels warm 
and moist due to increased cutaneous blood flow and 
sweating. 


The skeleton 


Prolonged hyperthyroidism may result in significant loss 
of mineral from the skeleton, which results from increased 
bone turnover, with resorption of bone exceeding ac- 
cretion. The effect has been reported in some patients 
receiving excessive thyroxine replacement therapy for 
hypothyroidism. Hypercalciuria and hyperphosphaturia 
aré also found and urinary hydroxyproline excretion is 
increased, reflecting the increase in collagen turnover. 
Although hypercalcaemia is commonly found in hyper- 
thyroid individuals, it is usually mild and resolves with 
effective antithyroid therapy. 


The kidneys: mineral and water balance 


Hyperthyroid individuals often complam of increased 
thirst and mild polyuria, even in the absence of hyper- 
calcaemia or hyperglycaemia, and osmoregulation may 
be disturbed whilst biochemical hyperthyroidism persists, 
though this is rarely clinically significant. Plasma sodium 
and potassium levels do not usually alter, but urinary 
magnésium excreétion increases and plasma magnesium 
levels may be low. 


Other endocrine systems 


In the female hyperthyroid patient, menstrual irregulari- 
ties occur sometimes, with scanty menstrual loss and/or 
irregular cycle length. Although cycles usually remain 
ovulatory, fertility is significantly reduced, In general, 
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plasma concentrations of free sex steroids are reduced as a 
consequence of increases in binding proteins, but total sex 
steroid levels may be high. Preferential metabolism of 
androgens to oestrogens may be responsible for the 
gynaecomastia seen in a small proportion of hyperthyroid 
males. Hypothalamo-pituitary responsiveness Lo exog- 
enous gonadotrophins and basal levels of LH and FSH is 
also usually normal. 

The turnover of cortisol is increased im hyperthy- 
roidism, but basal levels remain normal and the response 
to physiological stress is preserved in the absence of 
coincidental adrenal or pituitary disease, 


Causes of hyperthyroidism 


Table 18.10 lists the causes of hyperthyroidism and sum- 
marizes their pathogenesis. Details of these diseases are 
given below after a brief outline of monitoring thyroiïd 
function at diagnosis and during treatment. 

TSH measurement using a sensitive TSH assay will 
demonstrate suppression of TSH levels in all cases of 
hyperthyroidism (except those due to inappropriate pirui- 
tary secretion of TSH, as described later). Free T4 is 
usually elevated in association with raised free T3 levels, 
though true T3-toxicosis (elevation of T3 alone) may be 
present. Specific diagnostic biochemical and immunologi- 
cal tests are outlined below. 

When following the response of hyperthyroidism to 
treatment, TSH levels should be measured, but as it is 
clear that TSH suppression may persist for a variable 
period of time after restoration of normal free T4 and T3 
levels, the measurement of TSH should not be used un- 
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supported to follow response to therapy. We recommend 
that, ideally, levels of free T4 and T3 be measured with 
TSH until TSH secretion returns to normal, 


Graves’ disease 


Graves’ disease, an autoimmune condition of unknown 
actiology, is characterized by the presence of diffuse thy- 
roid enlargement, orbital tissue involvement (Graves’ 
ophthalmopathy) and, less commonly, skin involvement 
(pretibial myxoedema and thyroid acropachy) in addition 
to thyroid dysfuncuion. The disease predominantiy affects 
females, with a female:male ratio of approximately 6:1 
and peak incidence in the third and fourth decades. As 
with other autoimmune diseases there is clearly an inher- 
ited predisposition to dévelop the disease, illustrated in 
Caucasoïid populations by its association with the HLA 
haplotype A1 BS Dr3. However, other factors must oper- 
ate to facilitate or initiate the autoimmune process. Nu- 
merous possibilities exist, amongst which is the attractive 
hypothesis that crossreactivity may exist between mem- 
brane antigens of the organism Yersima enterocohitica and 
the thyroid, 

Thyroid involvement The goitre of Graves’ disease 
is typically large and diffuse, with a soft consistency. 
Because of increased blood flow through the hyperactive 
gland, à vascular bruit is frequently heard over the thyroiïd 
and its blood vessels. In fewer than 5% of cases goitre is 
absent. Where the goitre is particularly large or extends 
into the superior mediastinum, obstruction of the trachea 
and, rarely, major blood vessels of the neck may result. 

Eyes Hyperthyroidism per se produces a characteris- 
tic staring expression, with the sclera being seen above 
and below the iris (lid retraction) and a tendency for the 
lid movement to lag belund that of the globe as patients 
look downward from a position of maximum upward gaze 
(hd lag). These signs may be present in any patient with 
hyperthyroidism. Additional specific orbital signs and 
symptoms may be found in patents with Graves” disease 
(Fig. 18.7). Similar changes may rarely occur with other 
autoimmune thyroid diseases such as Hashimoto’s thy- 
roidius and are listed in Table 18.11. The severity of eye 
disease is not significantiy influenced by thyroid status. 

Although the target antigens are not known, the orbital 
disease appears to result from an immunologically medi- 
ated process that stimulates production of glycosamino- 
glycans and collagen from intraorbital fibroblasts. 

Skin Patients with Graves’ disease may sometimes 
develop indurated purple skin lesions, classically found 
over the anterior tibia, These areas (pretibial myxoedema) 
contain large amounts of glycosaminoglycans and tend to 
be seen in patients with high levels of thyroïid-suimulating 
antibody, though this is not believed to directly cause the 
skin lesion. Acropachy (similar to clubbing) is a recog- 
nized but rare feature of Graves’ disease. 


| Proptonts 





Fig. 18.7 The appearance of a patient with severe Graves’ 

pathy. Sigmificant proptosis, penorbital swelling, chemosis 
and conjunctival infecuon are all present, The dilated left pupil :s a 
consequence of the use of mydriatic eyedrops and not the disease 
process. (Fig. 18.7 © University Hospital of Wales, Heath Park, Cardiff 
Medical Ilustrarion Dept.) 
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Prosis (rarely)} 


Diagnosis The diagnosis of Graves’ disease 1s not 
difficult when the typical triad of hyperthyroidism, goitre 
and extrathyroidal involvement is present. The diagnosis 
may be made in other circumstances by demonstrating the 
presence of thyroid-stimulating antibody and is supported 
by the finding of diffuse, increased uptake of radioisotope 
on thvyroid scintiscanning (Fig. 18.8). Biochemical evi- 
dence of hyperthyroidism is usually but not always present 
at presentation. 

Natural history The natural history of this disease 
is one of relapses and infrequent (perhaps 10-15°%) remis- 
sions of the hyperthyroidism with ume. Approximately 
40% of patients relapse shortly after 12 months anti- 
thyroid drug therapy; of these, 50% will achieve lasting 
remission after a second course of these agents. The extra- 
thyroidal manifestations of the disease can develop with 





Fig. 18.8 Thyroid scintiscan showing diffuse homogeneous uptake of 
isotope throughout the gland, with very low background activity. This 
appearance is characteristic of Crraves” disease, 


or without thyroid dysfunction, occasionally many vears 
after the initial onset of thyroid disease. 

Treatment Three forms of antithyroid treatment are 
available for treatment of patients with hyperthyroid 
Graves’ discase: antithyroid drugs, radioactive 10dine and 
subtotal thyroidectomy. Choice of treatment modality 1s 
dependent on factors such as the age of the patient, size of 
goitre and patient preference. 

The antuthyroid drugs methimazole (carbimazole) and 
propylthiouracil exert their action in two ways. They in- 
hibit the action of thyroid peroxidase and are directly im- 
munosuppressive. {reatment should ideally be continued 
until TSH receptor anubody levels return to normal, but 
in the absence of routinely available assays, therapy is 
often continued empirically for 12 or 18 months. The 
antithyroid drugs can be given either in utrated doses 
or as part of a ‘block and replace’ regimen using both 
carbimazole and thyroxine. Lasting remission 1s only 
achieved in 60% of cases; adverse prognostic indicators 
include high pretreatment levels of T3, the presence of a 
large goitre and persistence of TSH receptor antibody at 
the end of the planned treatment period. As the drugs do 
not affect release of thyroiïid hormone from the gland, 
there is typically a delay of 4-8 weeks before euthyroidism 
is restored, 

Symptomanic relief can be obtained in nearly all pa- 
tients by also using B-blocking drugs for these first few 
weeks of therapy in order to reduce their tremor and 
tachycardia. In pregnant thyrotoxic patients careful moni- 
toring is required in order to keep the dose of antithyroid 
drugs to à minimum, especially during the last trimester, 
as these compounds cross the placenta and render the 
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fetus hypothyroid. ‘Block and replace’ treatment should 
not be used as T4 crosses the placenta only poorly. 

Iodine-131 can be used therapeutically to treat hyper- 
thyroidism due to Graves’ and other thyroid disorders. 
Radioiodine works initially by interfering with organifica- 
uon of iodine but later predominantly inhibits replication 
of thyrocytes by inducing radiation damage in the gland 
and hence controlling thyroid overactivity, after a delay 
of wecks or months. The major side-effect of this form of 
therapy is long-term hypothyroïidism, with up to 80% of 
patients becoming hypothyroid within the first 10 years 
post-treatment. There is no evidence of an increase in the 
risk of malignancy following therapeutic doses of radio- 
iodine and the dose can be repeated if necessary in the 
future. 

Subtotal thyroidectomy is a highly effective treatment 
for this condition. Perioperative problems include haem- 
orrhage and the risk of damage to the recurrent laryngeal 
nerve and postoperative difficulties may arise due to haemn- 
orrhage leading to tracheal compression or to (usually 
transient) hypocalcaemnia. The risk of late and permanent 
hypothyroidism is lower than with radioiodine treatment 
but is still significant. Patients should be rendered euthy- 
roid prior to operation using carbimazole or propylthiour- 
acil wherever possible or large doses of oral iodine. 


Toxic multinmodular goitre 


Hyperthyroidism arising in a previously multinodular 
goitre occurs in an older population than that affected by 
Graves’ disease; typically over the age of 50, with females 
being affected more than males. 

Clinical features The cardiovascular features of 
hyperthyroidism tend to be prominent in this often elderly 
group of patients, though all the features of hyperthy- 
roidism mentioned earlier may occur, The goitre itself is 
classically nodular and may be large, often having been 
present for many years prior to the onset of thyroiïd 
dysfunction. 

Diagnosis The biochemical diagnosis of hyper- 
thyroidism in this situation is fairly straightforward, with 
suppression of TSH, though thyroid hormone levels may 
not be grossiy elevated, in some cases lyving at the upper 
limit of normal. Thyroid autoantibodies are not usually 
present, Thyroid scintiscanning shows a patchy uptake 
of isotope, with multiple hot and cold areas being seen 
throughout the gland. Radioiïiodine uptrake values may lie 
at or above the upper limit of normal, but are not usually 
grossly elevated and thyroiïd ultrasound can be used to 
confirm the multinodular nature of the gland. 

Treatment In general, radioiodine is the treatment 
of choice for the patient with toxic multinodular goitre, 
Antithyroid drugs can be used until radioiodine becomes 
effective. Where compressive symptoms result from gland 
enlargement, surgery should be used in place of radioiodine. 
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Toxié adencrma 


Isolated, autonomousls functioning adenomas within the 
thvroid are a less common cause of hyperthyroidism and 
are typically seen in the third and fourth decades, Patients 
present with charactenstic features of hyperthyroidism 
and are usually found to have a well-defined, solitary nod- 
ule within the gland. Nodules felr to be solitary on clinical 
examination may be found to represent a larger nodule 
within a multinodular gland if thyroid imaging is under- 
taken; this may form an important diagnostic procedure. 

Diagnosis Scintiscans of the gland in cases of roxic 
adenoma show an area of high uptake in the region of the 
nodule, with suppression of uptake in the remaining, nor- 
mally responsive, areas of the gland. Early in the course of 
the adenoma's development thyroid function tests may be 
normal, but later they show typically hyperthyroid results. 
Ti-toxicosis may be more commonly found in this disease 
than with other forms of hyperthyroidism. Thyroid anti- 
bodies are typicaliy not found. 

Treatment Patients with proven toxic adenorna may 
be successfully treated either by radioiodine, which will of 
course be concentrated by the hyperfuncuioming adenoma, 
or by surgery. 


LSH-secrenng puuitarv [umiour 


Very rarelv, adenomas of the pituitary gland secrening 
TSH may produce kyperthyroidism. 

Diagnosis The biochemical key to making this diag- 
nosis is the persistence of TSH secretion despite definite 
overproduction of thyroid hormones, High circulating 
levels of the & subunit of TSH may be found in the sérum. 
TSH secretion ts not increased by the administration of 
TRH and a diffuse goitre is found in the absence of im- 
munological evidence of thyroid autoimmunity. If lange, 
the pinuitary lesion may produce local damage, with loss 
af other anterior prruitary hormone secreuon and impair- 
ment @f the visual fields, Computenized tomography or 
magnetic résonance imaging of the region will usually 
confirm the presence of a mass lesion, 

Treatment Treatment consists of surgical removal of 
the tumour or attempts 10 reduce TSH secretion pharma- 
cologically. The long-acting somatostaun analogue octrec- 
tide has been reported to reduce TSH secretion and 
tumour size in individual cases and the dopaminergc 
agonist bromocriptine has also been used. Ablative anti- 
thyroid therapy will lead to control of hyperthyroidism, 
but will not deal with the primary problem and is thére- 
fore not appropriate. 


Other causes of kvperthvroidism 

In some of the areas discussed below, the term ‘hyper- 
thyroidism” is strictly not applicable, as the elevarion of 
thyroid hormones results from extrathyroidal sources. 


However, for continuiry, this term will be used to repre- 
sent states of clinical and biochemical thyroid hormone 
exCéss. 

Ilodine In mdividuals with goitre due to previous 
iodine deficiency, chronic admimistration of excess iodine 
in the diet can induce a hyperthyroid state. This phenom- 
cnon (sometimes called the Jod Basedow phenomenon) 
is particularly likely to occur in patients who already have 
a degree of pre-existing thyroid autonomy, expression of 
which may have been masked by the lack of iodine. In 
iodine-replete areas a sinular phenomenon may be seen 
and in some cases the hyperthyroidism reverses completely 
when the source of addiuonal iodine is withdrawn from 
the diet. The precise relationship between 1odine dose and 
thyroid response is clearly complex, since it is dependent 
not only on the individual's prior exposure tô iodine and 
the degree of gland autonomvy, but also on the time course 
of iodine administration; use of large doses of iodine as a 
therapeutic means of rapidiy reducing gland reactivity has 
been practised for many vears, quite the opposite of the 
effect seen with chromc admimstration of more moderate 
deses. In iodine-imduced hyperthyroidism, the radioiodine 
uptake is charactenistically reduced and urinary iodine ex- 
cretion increased, with coincident TSH suppression and 
evidence of elevared T4 and elevated or high normal T3 
levels. 

Amiodarone Use of this iodine-containing anti- 
arrhythmic drug can result in the production of confusing 
changes in thyroid funcuon test results. Amiodarone has a 
structure similar to that of thyroid hormones and inter- 
feres with the peripheral conversion of T4 to T3. Resulr- 
ing levels of T4 may therefore be high and T3 low, with 
an increase in levels of r'T3. Basal and TRMH-srimulated 
TSH levels may both be high, In addition, the high iodine 
content of the drug can itself cause à byperthyroid state, 
though this 1s less common thän the abnormalities 
described above. It is advisable 10 check basal thyroïd 
function tests before commencing amiodarone therapy. 
Assessment of thyroid function during treatment should, 
however, be primarily based on careful clinical evaluation 
af the patient, as the biochemical changes are difficult 
to interpret, The long half-life of the drug means that 
changes in thyroid test results may persist for some time 
after ceasing therapy. 

Thyrotoxicosis factitia Cases of hyperthyroidism 
occur due to sell-adminmistration of thyroid hormone, 
taken either as T3 or T4, Radioiodine uptake is low and 
goitre is absent. Unless there is a prior history of thyroid 
autoimmunity, thyroid-directed antibodies will be absent. 
TSH will be undetectable; total and free T4 concentra- 
tions will be hagh if the patient is takmg T4 and suppressed 
if the patient is taking T3; total and free T3 concentra- 
tions will be high in both cases. Careful supervision of 
patients with serial measurement of thyroiïid function in 
hospital may be necessary and specific psychological 


assessment and counselling may be required after the 
diagnosis has been made. 

Ectopic thyroid tissue  Metastatic thyroid follicular 
carcinoma may rarely produce sufficient thyroid hormone 
to result in hyperthyroidism. Other tumours, such as 
ovarian teratomata, may contain functional thyroid tissue 
in sufficient quantity to produce symptoms and signs of 
thyrotoxicosis (struma ovari); endogenous thyroiïid radio- 
isotope uptake will be suppressed and functioning tissue 
demonstrable in the tumour under these most uncommon 
circumstances. 

Other thyroid stimulators Trophoblastic tumours 
such as choriocarcinoma, hydatidiform mole and meta- 
static embryonal testicular carcinoma may secrète an unu- 
sual thyroid stimulator and produce biochemical (though 
rarely clinical) evidence of severe hyperthyroidism. 





PART 4 
HYPOTHYROIDISM 


The clinical features seen as a consequence of low circu- 
lating levels of thyroid hormone are summarized in Table 
18,12, 


Cardiovascular system 
A reduction in resting cardiac output occurs. Cool periph- 


eries are characteristic, due to a reduction in Cutancous 
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Sympromrs 













Lethurgy Anorexia 
Skin dry anel course Erricutuiliry 
Slow specch and mentation Menorrhagin 
Facial puffinvus (oederna) Angiria 
Cold intolérance Deafness 
Pallor Pour coordination 
Hourse voice 
Constipation 
Weight gain 
| Hair dry and failing out 
Weaknewsstiffiness 
Breathlessness 
Sign 
Penorbital/ facial cedena Psychosis 
| Pale, dry skin Pleural/pencardial effuxions 
Croitre Ascités 
| Cbrunded mental state Cercbeilar arnxia 
| Cool peripheries Galactorrhoes 
| Diffuse alopecia Hvydrocoele (males) 
| Bradycardia 


Median nerve cornpression 
 Delsyed relaxation phase of reflexes 


qu 
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blood flow, which contributes to the intolerance to cold 
that is so often present. In the thorax, cardiac dilatation 
on chest X-ray may be seen and occurs in association 
with pericardial effusion, which occasionally leads to com- 
promised myocardial function. Plasma activities of muscle 
enzymes such as creatine kinase may be raised, but ischae- 
mic chest pain is uncommon, more frequently being seen 
in hypothyroid patients with coincidental ischaemic heart 
disease when they first receive thyroid hormone replace- 
ment therapy. The cardiac changes reverse with appropri- 
ate thyroid replacement therapy. 


Crastrointestinal system 


Gross weight gain is rarely due to hypothyroidism, though 
most individuals show a moderate gain in weight despite 
reduced appetite, due primanily to fluid retention. Intesti- 
nal absorption of nutrients is affected both by the reduc- 
tion in rates of absorption seen with hypothyroidism and 
the increased intestinal transit time, such that total ab- 
sorption may actually increase, Results of biochemucal 
liver function tests are usually normal. 


Central and péripheral nervous system 


Deficiency of thyroïid hormones in fetal or early neonatal 
life, if not promptly treated, results in irreversible damage 
to the central nervous system, with structural abnorma- 
lines evident on histological examination. In adult life 
neurological defects resulting from hypothyroidism are 
usually reversible. The classic picture of cretinism 1s 
fortunately only rarely seen now, due largely to the intro- 
duction of neonatal screening for hypothyroidism and the 
cficacy of therapy, if introduced sufficiently early in life. 

In adult life, the characteristic features are of general- 
ized slowing in intellectual function, with inanition, slow 
mentation, somnolence and, occasionally, a frankiy psy- 
chotic state. Speech becomes slow and the voice coarse 
and gruff in nature, the latter in part due to oedema 
within the vocal apparatus. Cerebellar ataxia may be seen 
with prolonged hypothyroidism and may become irrevers- 
ible with delay in treatment, Seizures may also occur in 
severe cases, Peripheral nervous system manifestations are 
also common, with compression of the median nerve at 
the wrist being perhaps the best known (carpal tunnel syn- 
drome). Relaxation of the tendon jerks is characteristically 
delaved. 


Muscular stiffness is a particularly common complaint in 
hypothyroidism and relates to reduced relaxation rate. 
The muscles show abnormal structure on microscopy, 
with loss of striations, oedema, swelling of fibres and rela- 
tive deficiency of type II fibres. Muscular weakness is 
often evident clinically. 
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Respiratory svstem 


Similar changes to those described above may occur in 
the respiratory muscles, with abnormal muscle function 
leading, in patients with pre-existing lung disease, to exac- 
erbation of carbon dioxide retention and sleep apnoca, 
Chest X-ray may show pleural effusions, though these are 
scldom large. 


Skin and hasr 


Increased water binding due 10 deposition of mucopoliv- 
saccharides is seen in the skan, in common with the other 
tissues. The indurated cedema that results gives rise to the 
‘myxoedematous" appearance of the typical hypothyroïd 
patient. Associated anaemia and hypercarotenaemia may 
also render the skin pale or vellow, respecuvely, Body hair 
rends to be easily lost, though the élassic description of 
loss of the outer third of the evebrows is, in our experi- 
ence, rarely seen today, 


The sheleton 


Thyroid hormone deficiency in early Hfe leads ro abnor- 
malities of the epiphyses with marked reduction in linear 
growth and stunted final height, In common with all sys- 
temic 1llesses, prolonged hypothyroidism in childhood 
leads to retardation of bone compared with chronological 
age, Rates of bone turnover are reduced, leading 10 a 
reduction in the pool &f exchangeable calcium. Plasma 
concentrations of calcium and phosphate remain normal. 
Alkaline phosphatase activity tends to be low in children 
with hypothyroidism. 


The kidneys: mineral and water balance 


Renal blood flow and glomerular filtration are both de- 
créased, but rotal body water has been shown to increase 
with hypothyroidism, due to impaired renal excretion of 
water which itself results from a reduction in delivery to 
the distal rubule and abnormal osmoregulatory function 
in the hypothalamus and posterior pituitarv. Although ex- 
changeable body sodium is increased, the dilutional effect 
typically leads to a mild hyponatraemia. Plasma creatinine 
and urea concentrations remain normal. 


Reproductioe svstem 


In adults of both sexes, hypothyroidism leads to a reduc- 
uon in libido and subfertility. Menorrhagia due to failed 
progesterone secretion with anovulatory cycles is common 
in the female, as is oligospermia in the male. These changes 
may be related to impaired LH secretion, particularly in 
long-standing cases, Basal gonadotrophin levels are, how- 
ever, typically within the normal range, unless pituitary 


discase 1s responsible for the hypothyroid state. Reduc- 
ions in levels of sex hormone-binding globulin lead to an 
clevation in frec sex hormone levels, with a reduction in 
total levels of both oestrogen and testosterone following 
from both this and alterations in sex steroid synthesis. 


Orher systems 


Certisol turnover is often reduced and in some patients 
the cortisol response to hypoglycaerma :s blunted, though 
response to exogenousiy administered ACTH is normal. 
Long-standing primary hypothyroidism can, however, 
léad 10 secondary suppression of pituitary and adrenal 
function and introduction of thyroid hormone therapy 
should be made with caution in these Circumstances, as 
frank adrenal insufficiency may be precipitated, Hyper- 
prolactinaemia is & common finding, resulting from 1n- 
creased TRH release. The hyperprolacunaemia correlates 
with the degrec of elevation of TSH, though frank galact- 
orrhoea is only relatively infrequentiy found. 

À normochrommic anaemia, which may be either 
normo- or Imacrocytic in nature is often seen and is likely 
to reflect diminished production of ersthropoietin, with 
low red cell mass, Macrocvrosis is frequentiy ascribed to 
coincidental occurrence of viramin B.. deficiency due to 
autoimmune pernicious anaemia, bur a deficiency in the 
response 16 available B,, and concurrent malabsorption 
of folate from the gut may contribute. If menorrhagia has 
been prolonged or severe, micro- rather than macrocytosis 
may be present as part of an iron deficiency state. Plasma 
levels of clotting factors VIII and [IX may be reduced in 
hypothyroidism and platelet adhesiveness reduced, caus- 
ing a mild blééding tendency that may exacerbate the 
existing risk of anaemia, The effects of thyroid hormones 
ou linids have been outlined earlier in this chapter. Glu- 
cose absorption from the gut and uptake by the tissues 
from plasma are both delaved but in established diabeties 
a characteristic increase in sensitivity 10 exogenous insulin 
is seen, probably duc to decreased clearance of insulin. 


Causes of hypothyroidisem 


Table 18.13 lists the causes of hypothyroidism. These 
are described in detail below, following a bnef outline of 
monitoring thyroid function at diagnosis and during treat- 
ment. Where the use of specific immunological and 
imaging tests are of value in the diagnosis or management 
of particular causes of hypothyroidiem, this is discussed, 
Measurement of plasma TSH levels provides the cor- 
nerstone of the biochemucal evaluation of hypothyroidiem. 
As circulating concentrations of thyroid hormone fall, 
TSH secretion increases and is used to monitor thyroiïd 
status. Secretion of T3 is preferentially maintained im the 
presence of the high TSH concentrations that accompany 
declining thyroid function. T3/T4 ratios therefore rise and 
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Thyroiditis | 
Hashimoto's Autoimmune destruction of the gland 
Postpartum 
De Quervain's (rerely) Prolonged inflammatory damage 

| Riedel's (rarely) Ciland becomes fibrosed 
Primary myxocderma Gland atrophy; ?post-sutoimmunce in 
MANY CASES 
Ablative Post-radiodine or surgery: gland bulk 
reduced 
| Athyreouis Abnormal or absent thyroid tissue 
Dvyshormonogenests Abnormal synthesis of thyroid hormones | 
| Drugs Inhibition of thyroid hormone synthesis 
or induction of thyroid auroimmunity 
lodine deficiency Lowered gland iodine; impaired hormone 
syntheuts 


Acute lodine excess Transient inhibition of hormone synthesis | 
may become permanent in the presence 

af cuexIsting thyroid destructive 
autoimmune activity | 


| Secondary (due 10 extrathyroudal disease) 


| Amterior pituitary failure 
tumours 
granulomatous deposits 
Shechun's syndrome Loss of TSH stimulation of 
Post piouitary destructive therapy  thyroid 
Developimental abnormalities 
Post head injury 
_ Hypothalumic dysfunctrion Loss of TRH stimulation of 
anterior piouitary 


plasma T4 concentrations correlate better with thyroïd 
activity than do plasma T3 concentrations in these pa- 
uients. Replacement therapy for primary hypothyroidism 
can be monitored using plasma TSH concentrations, aim- 
ing 10 restore these to the normal range. The particular 
problems resulting from pituitary failure are described 
below. Hashimoto’s disease and other forms of thyroiditis 
are described in the following section on thyroiïditis. 


Primary myxoedema 


In a large proportion of patients with primary hypo- 
thyroidism, no goitre, or history of goitre, will be found. 
These imdividuals will have high plasma TSH concentra- 
tions with low total and free T4 concentrations and the 
majority will have one or many types of serum thyroid auto- 
antibodies, including antiperoxidase, antithyroglobulin 
and TSH receptor-blocking antibodies. Thyroid growth- 
blocking antibodies have also been described in these 
patients. Whilst the majority of patients may represent 
endstage Hashimoto’s thyroiditis with lack of clinical rec- 
ognition of the early phases of the disease, clearly other 
immunological processes may be responsible for some 
of them, 
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Post-surgery or post-radinowdine 


Loss of a critical mass of functioning thyroid tissue, from 
whatever cause, may lead to a permanent hypothyroid 
state, although transient restoration of a euthyroid state 
may occur after radioiodine-induced early hypothyroidism. 


Congemital hypothyroidism 


Causes of congenital hypothyroidism are listed in Table 
18,14, Clinical detection of hypothyroidism in the 
neonate may be difficult. In many developed countries 
screening programmes measuring TSH or T4 on dried 
bloodspots from heelprick blood samples (taken at 6 days 
when phenylketonuria screening is performed) have been 
operating for some years with considerable success. 

Abnormal thyroid development is responsible for most 
congenital hypothyroidism. Scintiscanning is occasionally 
used in order to help to clarify the diagnosis. Outlines of 
the methods used to clarify individual dyshormonogenic 
diagnoses are given below, though in routine practice it is 
often not necessary to make a precise diagnosis of the type 
of enzyme defect involved. Hypothyroidism can be con- 
firmed biochemically using TSH and T4 measurement on 
serum samples prior to starting treatment. The diagnosis 
can be confirmed at a later date by transferring the patient 
onto T3 therapy before stopping this hormone in order 
to follow the rise in TSH that should result, T3, with a 
shorter half-life, is used rather than T4 under these 
circumstances in order to promote a more rapid TSH 
response. 

Inability to organify trapped thyroidal iodide can be 
recognized by an abnormal perchlorate discharge test and 
is usually associated with goitre. Patients with mild forms 
of this type of defect may also have deafness (Pendred's 
syndrome) but are in this case not often hypothyroid. 
Ineffective transport of iodide into the thyroïid gland 
can produce both goitre and hypothyroidism and will 
be found in individuals with abnormally low radioiodine 
uptake. The block to transport can in some cases be 
overcome by treating patients with high doses of oral 
iodide, reducing goitre and restoring normal thyroïd 
function. 
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Deficiency of 1odotryrosine dehalogenase produces 
impaired deiodination of iodotyrosine, such that large 
amounts of mond- and diiodotyrosines appear in the 
blood and icdine deficiency can result from the unnary 
loss of large quantities of deaminated metabolites of these 
molecules, Again, large doses of iodine mav reduce 
the severitv of the hvpothiyroidism and resulting goitre. 
Biochemucally, parenteral administration of mono- and 
di-iodorvrosines will be followed by their rapid urinary 
excretion and dis can be used as a diagnostic test for the 
condition. 

Diversion of thyroidal iodine mto metabolically inactive 
or less active iodoproteins rather than thyroid hormones 
can lead to hypothyroidism. Radioactive iodine uptake 
will be high, due to high TSH dnve to synthetic activity 
within the gland, and the abnormal quantities of iodinated 
products of the gland can be measured in serum. Thyroid 
hormone replacement therapy 1s required. 

Maternal TSH receptor-blocking anubodies can cross 
the placenta to produce transient hypothyroidism in the 
fetus, which resolves within a few weeks after birth. In 
these cases bloodspot TSH valués are usually only mod- 
estly raised. Testing for TSH receptor annibadies would 
distinguish these infants from those requining T4 replace- 
ment therapy. 


Lathiusm treatment 


Lithium therapy may lead to reduced thyroid hormone 
synthesis in a similar manner to the acute effects of iodine, 
but more commonly leads to the induction of a destrue- 
uive thvroid-directed autoimmune process. Female pa- 
tients are most often affected and thyroid autoantibadies 
are often present. 

Many other drugs can produce hypothyroidism, either 
directly, as with the antithyroid drugs themselves, or as a 
side-cffect of therapy for another discase state. Examples 
in this latter group include ethionamide and, m the past, 
iodine-containing préparations used in the treatment of 
asthma. 


lodine 


Both excess and deficiency of dietary iodine may result in 
hypochyroidism, 

Although oral use of large doses of iodine would nor- 
maily lead to transient suppression of thyroid hormone 
synthesis, iodine can rarely produce more lasting hypothy- 
roidism, particularly in individuals who have a pre-exist- 
ing thyroid abnormality, imcluding Hashimoto's disease, 
Graves’ disease or mild dyshormonogenesis resulting from 
cnzymatic defects in organification, Thyroid scintiscan 
and/or immunological abnormalities of the underlving dis- 
order may therefore be found, goitre is usually present 
and radioiodine uptake studies will show high early up- 


takes (due to the TSH drive to produce thyroid hor- 
moné). The failure to organify iodine will, however, lead 
to the 24h uptake being low, with high urinary lodine 
excretion and plasma iodine concentrations, À reduction 
in dietary iodine intake will often correct the goitre; thy- 
raid hormone therapy may be required. 

Environmental iodine deficiency remains a major 
cause, worldwide, of goitre and hypothyroidism. In many 
cases other factors, such as dietary intake of goitrogens or 
coexistence of autoimmune or dyshormonogenic thyroid 
disease also contribute to the clinical state seen. In the 
absence of these factors, clinical euthyroidism is often 
maäintained by preférential production of T3 and com- 
pensatory thyroid byperfunction, leading to large goitre 
formation, Ilodine deficiency leads to imcreased thyroidai 
tadioiodine uptake with a proportional reduction in 
Urinary iodiné excrétion. 


Secondary hyporhyroidisnr 


Loss of TSH drive to thyroid function may result from 
any of the causes of pituitary gland hypofunction. Recog- 
nition of the aeniology of this rype of hypothyroidism 
is critical and is usually made by obhsérving an inappropri- 
ately low serum TSH level in the presence of low or 
low normal total and free T4. Increased T3:T4 ratios are 
not seen in this type of hypothyroidism as TSH drive is 
absent. TSH response to TRH stimulation may be absent 
or delayed. 


Treatment of hypothyroidism 
Myxocdema coma 


Profound hypothyroidism may produce the state known 
as myxocdema coma. This medical emergency comprises 
coma in association with marked bradycardia, hypo- 
thermia and circulatory collapse. Patients should be moni- 
tored on an intensive care unit where possible, Therapy 
is supportive with thyroid hormone replacement using 
nasogastric T4 or parenteral T3 therapy, Replacement 
doses of glucocorticoids should be used until coincidental 
adrenal insufficiency has been excluded, infections should 
be treated aggressively and further héat loss prevented to 
allow progressive rewarming to occur, Despite appropri- 
ate therapy, the mortality from this condition remains 


high. 


Oral replacement therapy 


Where hypothyroidism is Lkely 10 be permanent, replace- 
ment therapy should be imstituted, Therapy in ‘compen- 
sated hypothyroidism’, with elevation of TSH but normal 
T4 levels, should be expectant until either symptoms or 
further elevanon of TSH and falling T4 supervene, Where 


a 


this state is due to autoimmune thvroid disease, tt has 
been estimated that there is an approximately 5% per 
annum risk of progression 10 frank hypothvyroidism. Hoth 
T4 and T3 are available for therapeutic use, T3 producing 
a more rapid resolution of symptoms and signs, but T4, 
with its longer halt-life, being used far more frequentiy 
in clinical practice. T3, with its shorter duration of acnon, 
is also useful therapy prior to treating patients with thy- 
roid carcinoma using ablative doses of radioiodine, as is 
described in part 6 of this chamer, 

Care is required when commencing therapy in patients 
with known or potential ischaemic heart disease and m 
individuals who have been hypothyroid for prolonged 
periods, when associated secondary hypofunction of pinui- 
tarv and adrenals may be present. It is vital that thyroxine 
replacement is not commenced in the presence of un- 
treated adrenal insufficiency, as an adrenal crisis may very 
well result, Subnormal responses of cortisol to hypogly- 
caemia are often found under these circumstances. 

The biochemical goal of therapy should be to restore 
normal circulating levels of T4 and TSH. Considerable 
controversy has existed regarding this matter but it now 
seems clear that, in primary hypothyroidism, use of T4 in 
doses sufficient to suppress TSH secrerion, even in the 
face of normal T3 levels, may have significant and adverse 
cflects on bone turnover, with increased bone loss and 
effects on hepatic and cardiac function similar to those 
sen in frank hyperthyroidism. 

Biochemical monitoring of therapy with thyroid hor- 
mone should initially include regular measurement of 
TSH and free thyroxine levels. When euthyroidism has 
been restored the frequency of monitoring can be reduced 
to annual or biannual TSH measurements, as thyroid re- 
placement doses usually remain constant, with a need for 
slight reduction in old age. In pregnant hypothyroid pa- 
uents the dose of T4 should be increased to maintain nor- 
mal TSH levels, The development of new, non-thyroidal 
iliness with uime will limit the interpretation of thyroiïid 
function test results, as has been described above, 





PART 5 
THYROIDITIS 





Inflammation of the thyroid gland (thyroiditis) can result 
in both over- and underactivity of the gland, 


Thyroiditis producing hyperthyroidism 


Autoimmune thyroidins (typified by Hashimoto’'s disease) 
is a common cause of hvpothyroidism and as such will 
be reviewed in detail below. However, in the carly phase 
of production of autoimmune damage to the gland, re- 
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lease of stored thyroid hormone may in some patents lead 
to transient hyperthyroidism. This usually lasts for less 
than 6 months before ongoing gland damage leads to res- 
toration of a euthyroid state, often progressing through 
this point to produce permanent hypothyroidism. À simi- 
lar phenomenon may be observed in cases of postpartum 
thyroiditis. 


Diagnosis and treatment 


The diagnosis of autoimmune thyroiditis is described 
below, The temporary nature and frequentis mild degree 
of hyperthyroidism means that treatment should essen- 
tially be supportive. Use of non-selective H-blockade will 
abrogate many of the symptoms during the period of 
hyperthyroidism. 


Hypothyroidism resulting from Hashimoto's 
thyroiditis 


In this, the commonest form of autoimmuné hypo- 
thyroïidism, destructive thyroiditis results from both a 
cellk-mediated and humoral attack on the thyroid uissue. 
Fernales are affected with greater frequency than males. 
The gland is cypically enlarged but small and firm in early 
cases, with a palpable pyramidal lobe, At this stage, hyper- 
thyroidism may transiently occur, but further gland dam- 
age rapidiy leads to permanent hypothyroidism, at which 
stage goitre is lost and the gland remnant is composed af 
fibrous tissue. 


Diagnosis 


Thyroid-directed autoantibodies (described earlier) are 
almost invariably present in the early phase of the disease, 
though they may ultimately be lost over a period of years. 
After an iniual period of hyperthyroidism, classic hypo- 
thvroid features are found, with high TSH and low total 
and free T4. 

Radioiodine i5otope scans give a picture of zero or very 
low uptake, even in patients who have previousiy had s 
low dietary iodine intake. Immunological and biochemical 
evidence of other organ-specific autoimmune diseases 
such as diabetes, pernicious anaemia, Addison's disease 
and hypoparathyroidism may also be found. 


Other forms of thyroiditis 


De Quervain’'s thyroïditis is an unusual condition which 
often follows a viral iliness, Patents tymcally present with 
pain in the chyroid and neck region with fever and ma- 
laise. Thyroid function tests may transiently become 
hvperthyroid, then hypothyroid before returning to nor- 
mal. Rarely, permanent hypothyroidism may follow re- 
peated episodes. Riedel's chyroiditis is a condition of 
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unknown aetiology. Extensive replacement of the thyroid 
with fibrous tissue causes the gland to become stony hard. 
Hypothyroidism is a rare complication. 


Postpartum thyroiditis, due to autoimmune thvroid dis- 
case developing during the early postpartum period and 
usually histologically and biochemically identical with 
Hashimoto'’s disease, may produce hypothyroidism, occa- 
sionally following transient hyperthyroidism., Published 
series suggest that the overall incidence of the syndrome 
is between 5-9% and that 40% of patients have failed to 
recover euthyroid function by 1 year post-delivery. A sig- 
nificant proportion of patients do recover normal thyroid 
function, but of these a further 20-30% will have become 
hypothyroid within 3-4 years time. After the initial epi- 
sode, the future risk of developing the syndrome increases 
in successive pregnancies. 

Although the presence of antithyroid antibodies during 
pregnancy is a risk factor for postpartum thyroid disease, 
at most only half of these women will go on to develop 
frank thyroid dysfunction. Swings in thyroid function 
probably contribute to the actiology of postnatal depres- 
sion and thyroid function should be tested in all such 
patients. 





PART 6 





Thyroid neoplasia forms a small but clearly important 
proportion of all thyroid disease. The types of primary 
and secondary thyroid neoplasm are summarized in Table 
18.15. 


Neoplasms (usually carcinomas) most commonly present 
with a hard nodule in the thyroid, often with a history of 
rapid enlargement and also frequently a past medical his- 
tory of head and neck irradiation as therapy for another 





disease. Clinical suspicion of the diagnosis is further 
raised by the finding of a non-functioning solitary nodule 
on thyroïd scintiscanning (Fig. 18.9) that is shown on 
ultrasound examination to be solid, The diagnosis of thy- 
roid carcinoma ultimately depends on histological exami- 
nation of the gland. Biochemical assessment (other than 
establishing the usually euthyroid status of the patient and 
excluding evidence of autoimmune processes) plays httle 
part in making the diagnosis. Measurement of plasma 
thyroglobulin is of no diagnostic value. 


Treatment 


Therapy centres on the removal of the lesion together with 
a variable portion of surrounding thyroid gland, followed 
by whoie-body scintiscanning and possible irradiation, 
using !'1, of remaining functioning thyroid tissue. Main- 
tenance therapy of suppressive doses of thyroid hormone 
is typically used, with repeat whole-body scanning at in- 
tervals and further irradiation of local or metastatic recur- 
rences as necessary. Prior to these scans, it is important to 
withdraw thyroid replacement therapy and allow the TSH 
level to rise (typically to > 50 mU/L.) in order to maximize 
the chance of detecting neoplastic tissue. 


Tumour markers 


Measurement of serum thyroglobulin is principally of 
value in the management of thyroid cancer when follow- 
ing patients whom it is hoped have no residual functional 
thyroid tissue, because of either total thyroid ablation or 
administration of effective suppressive doses of thyroid 
hormone. Under these circumstances thyroglobulin levels 
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Fig. 18.9 Thyroid scintiscan showing a ‘cold’ nodule in the left 
inferior pole of the gland. Background levels of radioactivity are higher 
than in Fig. 18.8. In this case the patient was found to have a thyroid 
carcinoma. 


will remain low, rising in the presence of tumour recur- 
rence (see also Ch. 39). 

Medullary carcinoma of the thyroid secretes calcitonin, 
which may therefore be used as a tumour marker. The 
tumour occurs in both sporadic and familial forms and 
because of the association with syndromes of multiple 
endocrine neoplastic disease (MEN), patients should be 
screened for the other manifestations of MEN (e.g. hyper- 
parathyroidism and phaeochromocytoma). If the diagno- 
sis Of MEN is confirmed, first degree relatives of the index 
patient should also be screened for these diseases. 

Management of thyroid cancer should be co-ordinated 
by those with special expertise in the area. 





PART 7 
SYNDROMES OF RESISTANCE TO THYROID 
HORMONES 


These rare inherited disorders are characterized by el- 


SEVERE NON-THYROIDAL 
ILLNESS: repeat test when 
non-thyroidal illness resolved 
Hypopituitariem: other tests of 


Thyrotoxicosrs: free T3 high; check 
autountibodies (antiperoxidase and 
antithyroglobulin) 


Subclinical hyrotoxicosis: free T3 


normal: check auroantibodies 


Trented thyrotoxicosi: free T3 
normal or high 


Previous overtreatment with T4 


THYROTOXICOSIS: free T3 high; 
check autoantibodies 


non-thyroidal iliness 


A RES NN Te Là 
normal; check autoantibodies 


therapy 


thyroid 
for free T4 


EUTHYROID no confirmation needex 
Adequare T4 replacement: 
no confirmation necdéd 


SICK EUTHYROID: repeat when 
resolved 


Autoantibodies vo T4 (and T3}: free T3 
may be high; test for autoantibodies to 
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evated concentrations of total and free thyroid hormones, 
detectable plasma TSH and normal or exaggerated re- 
sponse to TRH. Patients with generalized resistance to 
thyroïid hormone are euthyroid; the defect may lie in tis- 
sue T3 receptors. Those with selective pituitary resistance 
are hyperthyroid. Suppression of TSH secretion by high 
doses of T3 and the response of TSH to TRH will differ- 
entiate the latter disorder from a TSH-secreting tumour. 
The abnormality may be in the pituitary T3 receptor or 
in the pituitary 5'-monodeiodinase enzyme. (For a recent 
review of this subject see Franklyn 1991.) 





PART 8 
SCREENING 


Is screening for thyroid disease justified? There are 
undoubtedly some groups of patients in whom thyroid 
function testing, using free T4 and sensitive TSH meas- 
urement, is justified even if there is no chnical evidence of 


SICK EUTHYROÏIDX repeur test when 
non-thyroidal iliness resolved 


Hypopituiturisem: other tests of piouitary 


COMPFENSATED 
HYPOTHYROIDISM: check 
eutoantibodies 


Inadequate T4 replacement therapy 


ERRATIC COMPLIANCE WITH T4 
THERAPY 


Erratic compliance with T4 replacement 


of TSH 10 TRH, family studies 
TSH-secreting tumour, free T3 high; 
no response of TSH 10 TRH or T3 


Albumin varants: electrophoresis to 
detect variants; try à different method 


for free T4 


Resistance vo thyroid hormones: free T3 
high; normal or exaggerated response of 
TSH 10 TRH; family srudies 
TSH-secreting tumour: free T3 high: 

no response to TRE or T3; other tests of 
pituitary function abnormal 
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thyroid disease. The question of screening in neonates has 
already been discussed; similarlv, screening is warranted 
in all patients with a personal history of previous thyroid 
disease or neck irradiation, ophthalmic Graves’ disease, 
atrial tachyarrhythmias or a history of goitre or previous 
thyroiditis. In view of the increased prevalence of long- 
term thyroid dyesfunction in patients who have previousiy 
received antithyroid drugs, thus group of individuals 
should also be offered thyroid function tesning. 

Screening patients who have hyperlipidaemia (who 
have a higher prevalence of hypothvroïidism than the nor- 
mal population), a personal or strong family history of 
other organ-specific autoimmune disease 15 also justified, 
but the situation is far less clear im the case of screening 
larger sections of the general population, such as the eld- 
erly female population or the hospital impatient popula- 
tion. In the former example, the cost of such a screening 
programme has to be balanced against the likely pick-up 
rate and in the latter, the confounding influence 6f non- 
thyroidal iliness is likely 16 reduce the value of screening 
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in this circumstance., Screening programmes should prob- 
ably be targeted on otherwise well but ‘at risk’ individuals 
in the community, rather than on the hospital populanion 
at large. 





PART 9 
INTERPRETATION OF RESULTS OF THYROID 
FUNCTION TESTS 





No single biochemical test of thyroid function can be used 
to diagnose or monitor all forms of thyroid dvsfunction. 
The guidance on imteérpretation in Table 18.16 is based on 
the system of TSH and free T4 assays, with free T3 assay 
performed when necessary. The most commeonly occur- 
ring diagnosis in each case is given in bold type, Compre- 
hensive clinical information assists in deciding the most 
Hkely diagnosis and therefore what other tests should be 


performed. 


Weéetman À PF. Autoimmune thyrosditis: prédisposition and 
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Vol. 1703), Sept 1988: Diagnostic evaluation of endocrine disorders Il. 
ol. 16{2), June 1987: Autoimtnune dhyroid disease. 
Vol. 193), Sept 1900: Thyreid carcinoma. 
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Edward Hillhouse 


It is well recognized that the endocrine system can be 
influenced by non-endocrine disease processes. In marm- 
mals there are well-developed homoeostatic mechanisms 
involving the interaction of the endocrine, immune and 
nervous systems. Any illness which causes a change in the 
internal environment will activate these control mecha- 
nisms. Some of the endocrine changes have obvious 
advantages with respect to survival, such as the surge 
of catabolic hormones accompanving sepsis. However, 
others have less obvious advantages and some of these, 
such as the integration of behavioural and immune re- 
sponses 10 1liness, have only recently become apparent. As 
far as the practising physician is concerned, the impor- 
tance of recognizing the endocrine changes accompanying 
systemic illness is to prevent a mistaken diagnosis of pri- 
mary endocrine disease being made. 

In this chapter we will deal with the more common 
disorders causing endocrine disturbance. Other aspects 
such as the metabolic problems associated with cancer 
(Ch. 38) and the sick euthvroid syndrome (Ch, 18) are 
dealt with elsewhere. 


THE ENDOCRINE RESPONSE TO SEPSIS AND 
TRAUMA 


Sepsis and trauma produce profound metabolic changes, 
some of which have been well characterized. According to 
Cuthbertson the metabolic response to accidental injury 
can be separated into two phases on the basis of metabolic 
rate: an initial general depression of metabolic activity 
(the shock or ebb phase) followed by a hypermetabolic 
response (the acute or flow phase), During the ebb phase 


Hormonal aspects of 
non-endocrine disease 


there is commonly hypovolaemia secondary to haemor- 
rhage or the loss of circulating fluid into extravascular 
spaces due to abnormal permeability of capillanies. This 
initiates neuroendocrine responses designed to maintain 
blood volume and tissue perfusion. At the same time 
metabolism may be seriously impaired by lack of per- 
fusion or by toxic agents derived from either bacterial or 
endogenous sources resulting in depression of cardiac out- 
put, oxygen consumption and body temperature. This re- 
sults in increased sympathoadrenal activity with elevated 
circulating concentrations of various hormones (Table 
19.1) and relative hypoinsulinaemia. The net cardiovascu- 
lar effect of these changes is vasoconstriction, tachycardia 
and increased myocardial contractility. The metabolic 
consequences are metabolic acidosis, reflecting anaerobic 
glycolysis and inadequate tissue perfusion; elevated 
plasma levels of free fatty acids, reflecting increased lipoly- 
sis; and hyperglycaemia. Thus, one can see that the ‘ebb 
phase” is one of increased fuel production. 


| Table 19.1 Hor PP SN TE REIN AT 
Elevated during the ebb phase  Mediarors of the flow phase 

| Cortisol GH 

| GH Cortisol 

| Vasopressin Cyrokines (particularly IL1 and 

| Adrenaline IL6) 

| Noradrenaline Arachidomic acid metabolites (eg. 

| Glucagon prostaglandins) 

| Renin 

| Aldosterone 
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Once a sauisfactory response to the injury has been es- 
tablished (or resuscitation has been successful) the patient 
enters the ‘flow phase’. This phase is generally over within 
2 wecks but may last as long as 8 weeks and is character- 
ixed by increased metabolic rate, carabolism and fuel utili- 
zation. Ît is orchestrated by a number of hormones (Table 
19.1} and the net result is an increase above basal in 
body temperature, cardiac output and metabolic rate with 
an associated negative mtrogen balance. These changes 
gradually subside as the patient recovers, The concept of 
ebb and flow of metabolic responses can also be applied to 
sepsis although the hypermetabolic responses are not nec- 
essarily preceded by an ebb phase, Also the response to 
sepsis may be influenced by a number of factors including 
the type of organism and the route of infection. The meta- 
bolic response appears 10 be co-ordinatéd within the cen- 
tral nervous system at the level of the hypothalamus via 
control of both sympathoadrenal outflow and pituitary 
function, 


Sympathondrenal system 


The sympathoadrenal system provides a mechanism for 
acluèving rapid responses that are essential for homoe- 
ostasis, Thus, during sepsis or trauma, the plasma ad- 
renaline, dopamine and noradrenaline levels nse, with 
noradrenaline being an indirect measure of sympathetic 
nervous activity and adrenaliné appearing to correlate 
with the severity of accidental mjury, The catecholamines 
contnbute to both the increased metabolic rate and the 
changes in carbohydrate and fatiy acid metabolism. The 
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CRE 41 and autonomis nervous activity. 


integrated control of this system appears to occur at the 
hypothalammce level and is thought to mvolve corticotrophin- 
relcasing factor (CREF-41} which also regulates che synthe- 
sis and release of pro-opiomelanocortin (POMC) gene 
products (e.g. ACTH and endorphins) from the anterior 
pinutary. CRF-41 itself also has metabolic, cardiovascular 
and respiratory actions mediated in part by the sympa- 
thetic nervous system (Fig. 19.1). However, activation of 
the sympathetic system may not always be beneficial, for 
example, in subarachnoid haemorrhage it may contribute 
to mortality by initiating dysrhythomias. 


Adrenocortical hormones 


During the acute phase of infecuous iliness or trauma the 
plasma ACTH and cortisol levels rise dramatically and an 
adequare glucocorticoid response appears ro be essential 
for survival, Fatlure ro produce such a response 15 associ- 
ated with a high mortality, the commonest cause being 
adrenal insufliciency secondary to long-term steroid 
therapy. Other prominent causes are adrenal haemorrhage 
or necrosis (particularly in meningococcal septicaemia) 
and undiagnosed Addison’s disease, The adrenocortical 
response Îs integrated at the level of the hypothalamus via 
the secrenion of CRF-41 and AVP which act in concert 
to regulate ACTH secretion (see Fig. 19.2). The hypo- 
thalamic neurones secrening these peptides can be acti- 
valed by a number of circulating mediators during sepsis 
and these include endotoxin, interleukin 1 (IL1}) and 
intérleukin 6 (IL6). Quite how the glucocorticoids pro- 
duce their beneficial effect dunng suress is still unknown. 
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However, they are important in helping to maintain blood 
volume and blood pressure and it has been suggested that 
they help to limit the detrimental effects of uncontrolled 
host responses during sepsis. 

The magnitude of the cortisol response during the ebb 
phase does not appear to correlate with the severity of 
injury but its duration does. After moderate to severe 
injury plasma cortisol concentrations start to fall within a 
day or two but may remain elevated for up to a week. In 
patients with severe burns plasma Cortisol remains high 
for at least 2 weeks. 

The secretion of adrenocortical hormones may be de- 
pressed during chronic infections such as tuberculosis, 
even in those patients with no evidence of adrenal tissue 
destruction at post mortem. Such patients may also 
exhibit reduced adrenocortical sensitivity to ACTH. 
This phenomenon has also been observed in patients with 
acute sepsis but its pathogenesis is unclear. 


Growth hormone (GH) 


Circulating immunoreactive GH concentrations are el- 
evated during the ebb phase of the response to trauma and 
sepsis and the GH response to insulin-induced hypo- 
glycaemia or arginine infusion is diminished, suggesting 
a disturbance in central control mechanisms, These same 
patients éxhibit low insulin-like growth factor (IGF) ac- 
tivity. Recent evidence has suggested that critically ill 
patients have normal integrated total 24 h GH concentra- 
uons and GH puises, but raised basal GH concentrations 
suggesting a reduction in hypothalamic somatostatin tone. 
The finding of low IGF1 levels in spite of normal mean 
and elevated basal GH levels suggests a relative GH- 
resistant state. This may contribute to the negative nitro- 
gen balance in critically 1] patients, especially since GH 
therapy in such patients has been shown to improve nitro- 
gen retention, 


Renin-angiotensin system and arginine vasopressin 
(AVP) 


Both trauma and sepsis induce hypovolaemia, hypo- 
tension and inadequate tissue perfusion. This results in 
secretion of AVP and activation of the renin-angiotensin 
system with increases in the circulating levels of renin, 
angiotensin [I and aldosterone. These are normal homoeo- 
static responses aimed at maintaining blood volume and 
pressure. Recent evidence has suggested that both ILI 
and IL6 are able to stimulate the secretion of AVP, Thus, 
stimulation of AVP release by the products of activated 
immune cells may provide an explanation for some in- 
stances of the syndrome of inappropriate ADH secretion. 


Thyroid hormones 


Major disturbances in plasma thyroid hormone concen- 


HORMONAL ASPECTS OF NON-ENDOCRINE DISEASE 357 


trations are only a feature of the flow phase and are mainly 
those of the sick euthyroid syndrome (see Ch. 18). 


Sex hormones 


The effects of trauma and sepsis on sex hormones is com- 
plex and dependent upon the rype of injury. In general, 
there is little disturbance of the hypothalamo-pituitary- 
gonadal axis during the ebb phase, However, in men 
during the flow phase the plasma free testosterone level 
falls and, in severe burns, may remain depressed for sev- 
eral weeks. This occurs despite any consistent change in 
LH and suggests that there is a change in sensitivity of the 
Levdig cells and probably some disturbance of feedback 
inhibition. In women, however, there appears to be a 
more consistent suppression of the entire axis than in 
men. In general it would appear that the reproductive 
capacity is reduced in serious 1llness, as one might expect. 


Cytokines 


Acute illnesses such as trauma and sepsis initiate a séries 
of complex metabolic changes resulting in alterations in 
immune, endocrine and central nervous system functions, 
It would appear that these systems are linked together in 
a neuroendocrine-immune axis by a number of complex 
regulatory loops, thus providing a means by which the 
brain might influence immune function and vice versa. 
The systems communicate with each other by the use 
of a series of common chemical mediators including the 
cytokines, growth factors and neuropeptides. In order to 
do this each system must synthesize a wide variety of me- 
diators and receptors (Table 19.2). Thus, during trauma 
or sepsis the products of activated immune cells (primarily 
the cytokines) influence endocrine function (Table 19.3) 
and the products of activated endocrine cells (primarily 
polypeptide and glycoprotein hormones) influence im- 
mune function (Table 19.4). In this way the cytokines 


Vasoactive intestinal peptide 
| Neurotensin 
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contribute to the clinical picture associated with various 
diseases. An example of this is IL1 which is produced 
by macrophages and other cell types (Table 19,5) in 
response to antigen, bacterial toxins and tissue injury. It 
mediates many of the responses to illness and stimulates 
the release of numerous hormones (Table 19.6). 

Another important cytokine is IL6 which is also pro- 
duced by a variety of cell types (see Table 19.5). Like IL1, 
it has many functions including regulation of the acute 
phase response, T cell proliferation and B cell differentia- 
tion. It acts often synergistically with ILI and may even 
mediate some of the actions of the latter. Likewise rumour 
necrosis factor (TNF) reproduces many of the biological 
effects of IL1, including fever and hypotension. However, 
unlike ILI1 it does not directly activate lymphocytes. 
y-Interferon is another important cytokine which has a 
variety of actions including activation of macrophages and 
enhancement of natural killer cell activity and antibody 
production, In addition it can alter the expression of 
major histocompatibility complex antigens under certain 
situations and may play an important role in the patho- 
genesis of autoimmune endocrine diseases, Let us con- 
sider how these cytokines might contribute to the acute 
phase response to trauma or sepsis. 

The acute phase response is a systemic response char- 
acterized by fever, leukocytosis, increased vascular perme- 
ability and acute phase protein production by the liver 
(Table 19,7), IL1, IL6 and TNF all appear in the general 
circulation during the acute phase response. IL6, in par- 
ticular, circulates in very high concentrations and is one of 
the most important stimuli for hepatic acute phase protein 
synthesis. Another important aspect of the acute phase 
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response is fever, Ir is still not known why fever occurs but 
it 1s likely to have important consequences for survival, 
perhaps by influencing metabolic processes. The current 
consensus of opinion is that fever is mediated via the pro- 
duction of peripheral prostaglandins which act on the 
thermoregulatory centres in the hypothalamus. The pro- 
duction of these prostaglandins is regulated by cytokines 
such as IL1, TNF and INF, all of which are endogenous 
pyrogens. Fever can also be modulated by hormones, 
particularly those of the hypothalamo-pituitary-adrenal 
(HPA) axis, including corticotrophin releasing factor, 
arginine vasopressin, ACTH, GaMSH, opiates and gluco- 
corticoids. The permissive action of CRF-41 on fever 
appears to be mediated via prostaglandins whilst the 
apparent antuipyretic action of ACTH is via as yet un- 
determined mechanisms. The antipyretic action of gluco- 
corticoids is probably secondary to their ability to induce 
lipocortin synthesis which in turn reduces phospholipase 
À, activity and hence prostaglandin synthesis. 

Thus, in the acute phase response the eicosanoïds, 
cytokines and stress hormones all contribute to the clinical 
picture. The system is tightly linked together in a series of 
regulatrory loops. There is good evidence that both prosta- 
glandins and cytokines can activate the HPA axis and all 
the stress hormones have been shown to have immuno- 
regulatory properties, including effects on immune cell 
growth and differentiation, chemotaxis, killer cell activity, 
immunoglobulin synthesis and cytokine production. Other 
hormones which are released during the acute phase re- 
sponse, such as GH and prolactin, also have profound 
immunomodulatory properties (see Table 19.4), In this 
way the cytokines activate mechanisms (e.g. glucocorti- 
coid secretion) which help regulate their production and 
actions and ultimately lead to a diminution of the acute 
phase response. 

There is considerable debate at present as to the 
mechanisms whereby the cytokines activate the neuro- 
endocrine system. It is generally accepted that they are 
t00 large to penetrate the CNS and it is thought that 
they must gain access via the specialized areas which 
are known to be outside the blood-brain barrier, e.g. the 
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organosum vasculosum of the lamina terminalis, where 
they activate prostaglandin-dependent mechanisms. How- 
ever, another intriguing possibility is that a central cyto- 
kine network exists and there is evidence for the existence 
of both IL] neurons and receptors within the CNS. A 
model of the way in which sepsis and trauma activate the 
neuroendocrine-immune axis is shown in Figure 19.2. 


NEUROENDOCRINE RESPONSES TO SOCIAL 
STRESS 


Stress is a difficult concept to define but can broadly be 
separated into physical stresses such as those discussed 
above and psychological stresses. Both contribute to the 
pathogenesis of stress-related disease states and also may 
hinder the interpretation of biochemucal investigations. 
Social stresses arise as a consequence of living in a social 
group and give rise to three types of responses: adaptive 
behaviour, autonomic responses and endocrine responses, 
It must also be realized that social relationships may not 
only be a source of stress but may also help to modify an 
individual’s response to stress, and so may be beneficial. 


There is little doubt that social factors can influence re- 
productive function and much of our knowledge on this 
subject has been gained from studies of non-human pri- 
mates, These have shown that dominant males are more 
successful breeders and have higher plasma testostérone 
concentrations than subordinate males. Interestingly, 
these differences occur as the result of social interaction 
since they become apparent only when the monkeys are 
allowed to form a group. Ît is possible chat these hormonal 
changes may have an important adaptive function in 
preventing subordinate males from mating. However, low 
plasma testosterone concentrations cannot fully explain 
their reproductive incompetence since hormone replace- 
ment therapy doës not stimulate normal sexual behaviour. 
In men, plasma testosterone concentrations are also sup- 
pressed in response to physical and psychological stress, 
However, socially dominant men (defined by personality 
characteristics) have higher plasma testostérone concen- 
trations which increase in response to psychological stress. 
There is also some evidence which suggests that aggres- 
sive men have higher plasma testosterone concentrations 
than passive men. Also, it is well accepted that one of the 
benefits of anabolic steroid therapy in athletes is an in- 
crease in aggressive behaviour. 

Social factors also influence female reproductive func- 
tion. Subordinate female monkeys ovulate less frequently 
than dominant ones and, in some monkey species, the 
female offspring will not ovulate so long as they remain in 
their original family group. In women both physical and 
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MACROPHAGE 


psychological stress have been shown to interfere with the 
reproductive cycle. However, many of the effects are diff- 
cuit to intérpret because inadequate food intake, which 
is known to occur under conditions of social stress, also 
causes amenorrhoea., 


Adrenal activity is particularly susceptible to social and 
psychological stress. Acute social stress, such as sitting an 
examination, Can increase plasma catecholamine concen- 








Fig. 19.2 Model of the regulatory loops linking the immune and neuroendocrine systems during sepsis or trauma, 


trations and the response appears to be dependent upon 
personality type. Life events such as divorce and bereave- 
ment cause activation Of adrenocortical activity and the 
response can be modified by the amount of support given 
to a subject during the stressful period, Similar studies 
have shown that infants separated from their mothers have 
clevated plasma cortisol concentrations which are not sup- 
pressed by dexamethasone. The novelty of an acute social 
stress may help to determine the degree of adrenocortical 
activation since familiarity with a situation reduces the 
plasma cortisoi response to subsequent exposure. 


Fear and anxiety 


Social stress can be a potent source of fear and anxiety 
and so it is appropriate to consider briefly the neuroendo- 
crinology of this extremely complex topic. The response 
to fear and anxiety appears to be integrated in the limbic 
system, particulariy in the hypothalamus which helps to 
co-ordinate the behavioural, autonomic and endocrine re- 
sponses via the use of common chemical mediators such 
as CRF-41 (see Fig. 19.1). À variety of stressors, in- 
cluding social overcrowding, have been shown to alter 
immunoreactive CRF-41 concentrations in the hypothala- 
mus and central administration of CRF-41 can activate 
both behavioural and autonomic responses (Table 19.8), 
Also, the most consistent biological abnormality in de- 
pression appears to be hyperactivity of the hypothalamic- 
pituitary-adrenal axis which, together with the observation 
that CRF-41 is elevated in the cerebrospinal fluid of 
depressed patients, has led to the hypothesis that ab- 
normalities in CRF contribute to the pathophysiology of 
depression. 

Central noradrenergic pathways are also involved in the 
neuroendocrine response 10 fear and anxiety. They arise 
from the brain stem and innervate the spinal cord, mid- 
brain and forebrain. Their role in stressful situations is 
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thought to be one of maintaining the attention of an indi- 
vidual even under the high arousal conditions induced by 
stress. They must also play an important role in helping 
CRF-41 to co-ordinate the behavioural and physiological 
responses to stress since they innervate central CRF-41- 
containing neurons. Certainly, the clinical state of anxiety 
is thought to be associated with overactivity of central 
noradrenergic pathways. Opioid peptides are also known 
to be involved in both the regulation of CRF-41 secretion 
and autonomic function. 

Apart from the hypothalamus, other areas of the limbic 
system also play an important role in social stress. The 
amygdala, in particular, appears to be important in the 
bchavioural response to fear or aggression and electrical 
stimulation of the amygdala results in cortisol secretion. 
However, it must be remembered that the limbic system 
(and other parts of the brain) is also a target tissue for 
hormones and changes in hormonal secretion rates may 
therefore modulate the behavioural response to the origi- 
nal stress. For example, it is well known that increased 
plasma cortisol concentrations can affect mood and gluco- 
corticoid receptors have been found in the hypothalamus, 
hippocampus and amygdala. 

This is just a brief discussion of some of the neuro- 
endocrine changes associated with social stress. Ir should 
be appreciated that stress may complicate the interpreta- 
tion of endocrine investigations and may induce ‘endo- 
crine” symptoms (e.g. amenorrhoea). Perhaps of greater 
interest, though, is the possibility that social stress may 
increase the risk of illness, particularly in individuals with 
certain personality traits or in those who are genetically 
disposed. 


RENAL DISEASE 


There is good reason to expect endocrine disturbances 
in renal disease since the kidney is an important site of 
hormone production, action and clearance (Table 19.9). 
Quite apart from the effect of the kidney itself on the pro- 
duction, excretion and activity of various hormones, im- 
pairment of non-endocrine renal function can secondarily 
affect the endocrine system. For example, chronic renal 
failure causes significant alterations in the internal environ- 
ment which in turn may influence the secretory control of 
hormones, their transport, transformation and degrada- 
üon, the distribution of free and protein-bound hormones 
in plasma and the responsiveness of hormone receptors at 
the cellular or subcellular level, Thus, in addition to renal 
clearance, the extrarenal clearance of some hormones may 
be abnormal in chronic renal failure, e.g. impaired hepatic 
degradation of biologically active PTH or diminished 
breakdown of insulin by skeletal muscle. Also the function 
of endocrine organs may be influenced by treatment such 
as dietary restricuon, drug therapy, renal dialysis and re- 
nal transplantation, 
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influences endocrine function are outlined in Table 19.10. 

When renal failure becomes advanced, the plasma or tis- 
sue concentrations and/or the functions of most hormones 
are altered because of several mechanisms involving syn- 
thesis, transport, accumulation of inhibitors, impaired re- 
nal clearance and target organ responsiveness. This results 
in a number of well-recognized endocrine abnormalities 
(Table 19,11), 


Short stature is common among children with advanced 
renal failure and the pathogenesis of such growth retarda- 
tion is multifactorial (Table 19,12). From an endocrine 
point of view growth is a complex process involving 
primarily GH but also dependent upon normal adrenal, 
thyroid and sex hormone function as well as an adequate 
supply of nutrients. In renal failure plasma immuno- 
réactive GH concentrarions rise in relation to the decline 
in creatinine clearance and probably also to protein mal- 
nutrition. This rise in GH is due to a combination of 
hypersecretion and reduced clearance. 

The skeletal growth-promoting actions of GH are me- 
diated by the insulin-like growth factors (IGFSs). In renal 
failure the circulating concentration of immunoreactive 
IGF1, the most GH-dependent of the IGFSs, is slightly 
reduced in contrast to the IGF2 levels which are markedly 
elevated. However, such IGFSs appear to have a reduced 
bioactivity suggesting a defect in processing to the biologi- 
cally active form, an increased catabolism to biologically 
inactive forms or the presence in the plasma of inhibitors 
of IGF activity. If such inhibitors are present then they are 
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not dialysable since similar results are obtained from 
patients on long-term renal dialysis. GH concentrations 
remain elevated in such patients but are corrected to 
within the reference range by renal transplantation. The 
homoeostatic mechanisms regulating GH secretion also 
appear to be abnormal in chronic renal failure with 


Malmurrition 
| Anwernia 


Uraernia 
| Renal tubuler dysfuncron 


Stervid therapy | 


exaggerated GH responses to arginine, TRH and insulin- 
induced hypoglycaemia. Similariy, during an oral glucose 
tolerance test there is a paradoxical rise in GH. However, 
these elevated levels of GH do not appear to contribute to 
the abnormal glucose tolerance seen in renal failure, 


Sexual dysfunction 


Abnormalities in sexual function are a frequent and dis- 
tressing symptom in both male and female patients with 
advanced renal failure. In men the major problem is 
impotence which persists despite dialysis. This may have 
a multifactorial aeniology either directly related to the 
chronic renal failure or to coexistent conditions (Table 
19.13). However, in many patients the organic compo- 
nent of impotence can be directly related to a disorder 
of sex hormones (Table 19.14) and several mechanisms 
of action may contribute to the hormonal abnormalities 
found. For example, analysis of the hyperprolactinaemia 
has shown that this is due to both hypersecretion and a 
reduction in clearance. The former is thought to be due to 
a decrease in the lactotroph sensitivity to dopamine and 
chromatographic analysis of the circulating prolactin has 


Low FRS total and free testostérone concentrations 

Low plasma total and free oestrogen concentrations 

Low plasma votal and free adrenal androgen concentrations (wich 
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confirmed that the majority is intact prolactin and not 
fragments. 

In addition to problems of potency, males with renal 
failure frequently exhibit infertility with evidence of defec- 
tive spermatogenesis. Testicular biopsy shows maturation 
arrest, thickening of tubular basement membrane and in- 
terstitial fibrosis consistent with damage to seminiferous 
tubules. These observations lend support to the theory 
that sexual dysfunction in advanced renal failure is due 
primarily to toxic effects of circulating ‘uraemic toxins' 
on both Leydig and Sertoli cell function. The identity 
of these ‘toxins’ remains undetermined although there is 
good evidence to suggest that both PTH and prolactin 
might play a role. 

The course of progressive deterioration in testicular 
function is not markedly altered by either haemodialysis 
or CAPD although early dialysis, instituted before testicu- 
lar dysfunction is well advanced, can produce satisfactory 
results. The best treatment is renal transplantation which 
restores plasma gonadotrophins and sex steroids to 
normal and may result in effective spermatogenesis. The 
immunosuppressive therapy does not appear to have 
any deleterious effects apart from suppression of adrenal 
androgen secretion by prednisolone. 

Other notable problems which occur in dialysed males 
include gynaecomastia and priapism. The former does not 
appear to be related to either prolactin levels or androgen- 
oestrogen ratios and has been compared to the type of 
gynaecomastia which occurs in malnourished patients 
during refeeding. 

In children both delayed bone age and delayed puberty 
are found. Leydig cell function appears to be relatively 
normal, as shown by the normal testosterone/dihydro- 
testosteronce ratios suggesting that 50-reductase activity is 
anormal, Às might be expected, this results in normal LH 
levels but the FSH levels are elevated, which appears 10 
reflect damage to the germinal cell epithelium prior to the 
initiation of spermatogenesis. These observations suggest 
that Sertoli cell damage in renal failure occurs early whilst 
Levdig cell damage either does not occur until late or only 
occurs in the adult patient. 

In women with chronic renal failure, there is hypo- 
thalamic anovulation with amenorrhoea along with loss 
of libido and inability to reach orgasm, These women fre- 
quently exhibit hyperprolactinaemia with reduced oestro- 
gen levels and elevated gonadotrophins and LHRH. The 
midcycle LH surge appears to be absent leading to an- 
ovulatory cycles and low progesterone levels which in turn 
may cause dysfunctional bleeding. It is not surprising, 
therefore, that such patients exhibit infertility. However, 
premenopausal women may resume normal menstruation 
with ovulatory cycles on CAPD and may even become 
pregnant. This is in contrast to patients on haemodialysis 
who remain infertile, As with males, renal transplantation 
produces the most satisfactory results. 
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| T'otal T4 normal or decrensed 
Total T3 decreñsed 


Free T4 decreased 
Free T3 decrensed 
| *T3 normal or décreused 
| Blunted and/or delayed TSH response to TRH 


Thyroid abnormalities 


Patients with chronic renal failure have several clinical 
disturbances which could potentially affect thyroïid func- 
tion, €.g. they are chronically ill, malnourished and dis- 
play multiple hormonal and metabolic derangements. It is 
therefore not surprising that various abnormalities of thy- 
roïd function have been well documented (Table 19.15). 
These do not appear to result in clinically important 
thyroid disturbance although they do complicate the diag- 
nosis Of coexistent thyroid disease (there is an increased 
prevalence of goitre and an increased incidence of primary 
hypothyroidism in chromic renal failure, particularly in 
women). The development of these subclinical thyroid 
abnormalities has been explained by a mixture of defects 
(Table 19.16) which may also be observed in other 
chronic ilinesses and malnutrition states (see Ch. 18). The 
high incidence of goitre in uraemic patients suggests that 
in chronic renal failure there is a circulating goitrogen. 
This does not appear to be either TSH or autoimmune 
antibodies but there is circumstantial evidence to suggest 
that PTH might be involved since the incidence of thyroid 
nodules and goitres is greatly increased at post mortem in 
patients with primary hyperparathyroidism. 

With CAPD treatment total T4 levels are not as low as 
with haemodialysis but T3 levels are lower. The low T4 
levels in CAPD may relate to low levels of T4-binding 
globulin (TBG), while in haemodialvsis there may be an 
inhibitor of binding present. CAPD appears to normalize 
unbound, free T4 levels better than haemodialysis and 
TSH is normal in both groups. Following successful 
transplantation the plasma levels of thyroid hormones 
normalize whuilst the TSH response 10 TRH may either be 
normal or decreased. 

The diagnosis of thyroid disease in patients with 
chronic renal failure 1s difficult. À diagnosis of primary 
hypothyroidism can only be made with confidence if 


Defective chyroid hormone synthesis 

Minor abmormalities in picuitary feedback mechanisms 

| Reduced peripheral conversion of T4 16 T3 

| Altered transport of thyroid hormones secondary to circulating 
| inhibitors of binding 











the plasma TSH is unequivocally elevated. In less clear 
cut cases, measurement of free T4 may be helpful, but can 
be unreliable. A TRH test may also be required but it 
should be remembered that the maximal response to TRH 
may be delayed in chronic renal failure. The response to 
treatment should be monitored using plasma T4 levels. 
The diagnosis of hyperthyroidism in renal failure rests on 
the demonstration of an elevated free T4 concentration in 
the presence of suppressed TSH. The TRH test should 
show suppression but is rarely required. 


Anaemia 


In patients with end-stage renal failure plasma ervthropoi- 
etin concentrauons are usually normal or even elevated. 
However, these concentrations are generally inappropri- 
ately low for the degree of anaemia and so there exists a 
state of relative erythropoietin deficiency which contrib- 
utes 10 the normochromic normocytic anaemia. Several 
mechanisms contribute to the improvement in anaemia 
that occurs when patients commence CAPD, including a 
decrease in plasma volume and prolongation of erythro- 
cyte survival. There 1s also a rise in plasma erythropoietin 
levels. Following renal transplantation the anaemia im- 
proves and the plasma erythropoietin levels return towards 
normal. However, very occasionally the levels remain 
elevated and erythrocytosis develops. This is due to some 
residual secretion of erythropoietuin from the diseased 


Endocrine control of salt and water balance 


Chronic renal failure influences the activity of a number 
of renal and extrarenal hormones which control salt and 
water balance as well as blood pressure and volume. 
Renin release appears to be maintained by diseased kid- 
neys under many circumstances. Thus, depending upon 
fluid and electrolyte balance, the plasma renin activity 
(PRA) in patients with renal failure may be low, normal or 
high. PRA and 18-hydroxycorticosterone levels increase 
in patients receiving CAPD more than in those treated 
with haemodialysis. These increased levels have been at- 
tributed to the continous fluid volume depletion induced 
by peritoneal ultrafiltration. Aldosterone levels are also 
clevated secondarily to the hyperkalaemia and these levels 
are more eflectively reduced by haemodialysis than 
CAPD. Renal transplantation returns the PRA and aldos- 
térone levels toward normal. In addition, the normal 
physiological responses to sodium restriction, upright 
position, hypervolaemia and angiotensin-converting en- 
zyme inhibitors appear to be preserved. Acute rejection of 
the kidney is accompanied by a significant increase in 
PRA activity but only a mild increase in plasma aldoster- 
one. Plasma cortisol concentrations are at the upper limit 
of normal in chronic renal failure and respond normally 


during a Synacthen test or insulin-induced hypoglycae- 
mia, although the prolactin and GH responses are blunted 
during the latter, consistent with anterior pituitary 
dysfunction. 

Plasma catecholamine concentrations are usually el- 
evated in advanced renal failure due to a combination of 
several mechanisms, including reduced clearance, catabo- 
lism and neuronal uptake, and increased sympathetic 
efflux. The concentrations may remain high in patients 
treated with CAPD but not in those on haemodialysis. 
After renal transplantation normal levels of noradrenaline 
with moderately elevated levels of adrenaline have been 
found, Arginine vasopressin (AVP) :s freely filtered by 
glomeruli and catabolized by tubules and plasma AVP 
levels are elevared in renal failure. The hormone is not 
significantly removed by dialysis and remains elevated in 
response to the chronic fluid depletion, Following trans- 
plantation both normal and elevated AVP levels have been 
reported. The plasma levels of atrial natriuretic peptide 
(ANP) rise in direct relationship to the rise in plasma cre- 
atinine and represent a normal homoeostatic response to 
fluid overload. Once effective dialvsis is established or 
renal transplantation performed, the levels return towards 
normal. 


Carbohydrate metabolism and lipid metabolism 


Impaired glucose tolerance secondary to insulin resistance 
is a feature of chronic renal failure. À number of mecha- 
nisms appear to contribute to the generation of this meta- 
bolic abnormality (Table 19.17) which is only partially 
corrected by dialysis and may persist following renal 
transplantation. However, this may well be related to the 
effect of steroid therapy since glucocorticoids are well 
known for their ability to cause hyperglycaemia. Some 
70% of patients with chronic renal failure exhibit abnor- 
malities of both lipids and lipoproteins thought to be sec- 
ondary to the hyperinsulinism. Typically there is elevation 
of plasma triglvcerides and VLDL, but normal total cho- 
lesterol, HDL being decreased although LDL is increased. 
The apoprotein and lipid content of the lipoproteins is 
also altered. 

The major defects underlying these abnormalities 
appear to be low activities of tissue lipoprotein lipase, 
hepatic triglyceride lipase and lecithin cholesteryl acyl 
transferase. These abnormalities undoubtedly contribute 
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to the increase in cardiovascular morbidity and mortality 
observed in patients with chronic renal failure, 





Hypocalcaemia, secondary hyperparathyroidism and renal 
osteodystrophy are well-recognized complications of renal 
disease and are dealt with elsewhere (see Ch. 28). 


LIVER DISEASE 


Disease of the liver may result in endocrine abnormalities 
due to a variety of mechanisms primarily associated with 
the central role of the liver in metabolism (Tables 19,18 
and 19,19). 


GI sétatiaite 


Hyperglycaemia and hyperinsulinaemia are features of 
hepatic cirrhosis and arise as a result of a reduction in 
hepatic metabolism of insulin and a slower than normal 
metabolism of ingested glucose. An element of insulin 
resistance is also apparent; this may be an adapuve 
mechanism to protect against hypoglycaemia in hepatic 
cirrhosis. The pathogenesis of this insulin resistance is 
still uncertain but hyperglucagonaemia may contribute, as 
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may receptor and postreceptor changes. Hypoglycaemia is 
rare in liver disease until the onset of hepatic failure and 
this may be due to the prominent role of the kidnev in 
gluconeogenesis in advanced cirrhosis. It must be remem- 
bered that either insulin-dependent or non-insulin- 
dependent diabetes mellitus may be present in patients 
with liver disease (e.g. haemochromatosis). 


Thyroid function in liver disease 


The liver plays a central role in the regulation of thyroid 
function via its ability to convert T4 to T3 and to synthe- 
size thyroxine-binding globulin (T BG), thyroxine-binding 
prealbumin and albumin. In patients with acute hepatitis 
the plasma concentrations of TBG rise in parallel with 
plasma transaminase activities, presumably as a reflection 
of hepatocyte damage. This causes a rise in total T4 levels 
although the free T4 and TSH levels remain normal and 
the patents are clinmically euthyroid. 

In contrast, chronic liver disease is associated with 
important changes in thyroid hormone metabolism. As 
the synthetic capacity of the liver begins to deteriorate 
so do the circulating levels of TBG and other binding 
proteins resulting in reduced total serum T4 levels with 
normal or slightly elevated free T4 levels. There is also 
reduced conversion of T4 to T3, elevated levels of rT3 
and normal or slightly elevated levels of TSH. In addition, 
some pauents with alcoholic liver disease have blunted 
TSH responses to TRH, suggesting a mild pituitary secre- 
tory defect, In autoimmune liver disease there is a strong 
association with Hashimoto’s thyroiditis. 


Alcohol 


Both the acute and chronic consumption of alcohol exerts 
profound influences on endocrine function. These effects 
are manifest at all levels of the system from the endocrine 
hypothalamus to the target organs, Acute administration 
of ethanol has a number of well-recognized effects on the 
endocrine system (Table 19,20). There is no effect on 
TSH secretion and the LH effect is dose-dependent with 
low doses being stimulatory and high doses inhibitory. 

In many chronic alcoholics a ‘pseudo-Cushing's syn- 
drome”’ is seen. These patients exhibit many of the clinical 
and biochemical features of true Cushing's syndrome 
and respond to alcohol withdrawal. However, in some 
chronic alcoholics there may be isolated or combined 
ACTH deficiency. Other abnormalities in chronic alco- 
holics include disturbances of GH secretion and posterior 
pituitary function (Table 19.20). 


Alcohol and gonadal funcnon 


Perhaps the most profound effects of alcohol, however, 
are exerted on the hypothalamo-pituitary-gonadal axis. 
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Hypogonadism occurs in as many as 80% of patients with 
chronic alcoholism and may manifest itself in the absence 
of overt liver disease, It is charactenzed by testicular 
atrophy, impotence and loss of libido. Since the testes are 
composed primarily of seminiferous tubules, much of the 
testuicular atrophy is due to loss of germ cells. However, 
the Levydig cells are also damaged in chronic alcoholics 
and this leads to a reduction in testosterone production 
and low total plasma testosterone levels. Significantiy, the 
free testosterone levels are reduced even further due to 
an increased level of sex hormone-binding globulin. 

The metabolic insult is thought to occur at the cellular 
level. Leydig cells contain alcohol dehydrogenase which 
métabolizes éthanol to acetaldéhyde and in the process 
alters the redox state of the tissue by producing NADH, 
This leads to decreased activity of key steroidogenic en- 
zymes which require NAD. Furthermore, the accumula- 
tion of acetaldehyde leads to a reduction in testosterone 
synthesis by limiting mitochondrial side chain cleavage of 
cholesterol, The alcohol dehydrogenase is also required 
to convert the inactive form of vitamin À, retinol, into its 
active meétabolite, retinal. However, it has a far greater 
affinity for ethanol than retinol and so can be saturated in 
the chronic alcoholic. Since both testosterone and retinal 
are necessary for normal spermatogeneésis this process 
leads to a reduction in reproductive capacity. 

In addition, chronic alcoholic men exhibit both pheno- 
typic and biochemical signs of feminization (Table 19.21) 
which are the result of an increased oestrogenic response 
and occur more readily in alcohokhic men with associated 
liver disease. These patients convert weak androgens such 
as androstenedione to oestrone and then to oestradiol 
more efficiently. Under normal circumstances these weak 
androgens and oestrogens are primanily excreted via the 
biliary system. However, the presence of portal systemic 
shunts allows these compounds to escape excretion and 
reach the general circulation. Also, the hepatic synthesis 
of an oestrogen-binding protein, which may protect the 


Few developing folies 


Submormal LH response 10 GnRH and clomiphene 


tissues from excess ocstrogen stimulation, is reduced in 
hypogonadal men. Finally, animal studies have suggested 
that alcohol induces expression of oestrogen receptors. It 
should be realized, however, that these effects are not con- 
fined to alcohol-induced liver disease and can occur with 
acute hepatrocellular failure from any cause, 

Chronically alcoholic women are not superfeminized 
since they display primary gonadal failure (Table 19.22). 
It is thought that a similar effect of alcohol on ovaran 
steroidogenesis may occur to that in the testes. In addi- 
tion, both sexes display defects in the central regulation 
of gonadotrophins which may help to explain why the 
plasma gonadotrophin levels are not as high as one might 
expect from the degree of gonadal failure. 
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Other liver diseases and gonadal funcrion 


In contrast to chronic alcoholics, men with virally induced 
hepatic cirrhosis have little evidence of primary gonadal 
failure. However, the plasma LH levels are elevated de- 
spite normal gonadotrophin responses to GnRH and 
clomiphene, Both the basal and TRH-induced plasma 
prolactin levels are reduced in these patients. Similarly, 
hypothalamo-pituitary-gonadal function is normal in 
patients with either primary or secondary biliary cirrhosis. 

Gonadal failure is a prominent feature of haemochroma- 
tosis and is commonly secondary to gonadotrophin def- 
ciency associated with iron deposition in the hypothalamus 
and pituitary. The hormonal profile is as one might expect 
from hypogonadotrophic hypogonadism. However, in 
some patients the profile suggests primary gonadal failure 
and iron déposition can be found in the testes. Hypothy- 
are all rare complications of haemochromatosis, 


Gonadal function and other diseases 


Hypogonadism is a feature of a number of other clinical 
conditions. À large number of inherited disorders of the 
central nervous system are associated with hypogonadism 
(Table 19.23) and primary gonadal failure may be a fea- 
ture of a number of systemic diseases (Table 19,24), An- 
drogen resistance with elevated plasma testostérone and 
LH concentrations has been described in coeliac disease, 


STARVATION 
Glucose metabolism 


During starvation catabolism is finely regulated such that 
the provision of fuels from various tissues aîters to meet 


“ARRETE 5 PRES Autosornal dominant 
balding, diabetes mellitus 


Short stature, webbed neck, mental retardation, Autosomal dominant 


cardiac defects, pectus excavatum, cubirus valgus, 
renal defects, ymphoëderma 


Obesity, mental retardation, short stature, 


Premarure ageing, short stature, cataracte, 





368 CLINICAL BIOCHEMISTRY 


| Viral disease (e.g. mummps) 


Irradiation 
| Hodgkin's disease 





the body's energy requirements for survival. Central to 
this process 1s the role of the liver in integrating the meta- 
bolic responses. It does this by producing glucose at the 
expense Of amino acids in muscle and by switching the 
metabolism of fatty acids from lipogenesis to f-oxidation, 
thus producing kerone bodies and ketosis. The flux of fuel 
through the various metabolic pathways is controlled by 
key enzymes all of which are under hormonal control. 

Dunng starvauon the plasma insulin concentration 
falls and this augments the ability of glucagon and adrena- 
line to promote glycogenolvsis. In the liver this process 
produces glucose. However, in skeletal muscle the glu- 
cose l-phosphate derived from glycolysis must enter the 
glycolytic pathway since skeletal muscle lacks glucose 
6-phosphatase and so cannot generate free glucose. The 
products of glycolvsis can be used for oxidative meta- 
bolism in the muscle itself or enter the circulation as pyru- 
vate or lactate. However, the stores of glycogen are rapidiy 
depleted and the glucose requirements of the body must 
be fulfilled thereafter by gluconeogenesis. This process 
is augmented by glucagon in the liver which controls the 
concentration of fructose 1,6-bisphosphate and hence 
the scnviry of phosphofructokinase, The net result is 
conversion of fructose 1,6-bisphosphate into fructose 6- 
phosphate and activation of gluconeogenesis. 


During starvation the rate of protein breakdown exceeds 
that of protein synthesis and this leads to à negative nitro- 
gen balance. Protein synthesis is impaired due to a lack of 
amino acids and the low concentration of insulin. Prote- 
olysis is dependent upon glucagon, cortisol and GH, and 
the resultant amino acids are metabolized via three path- 
ways. The major route is transamination to form an oxo 
acid; less importantly, oxidative deamination to form an 
oxo acid and ammonium, and decarboxylation to form an 
amine, Can oCCur. 

During starvation alanine plays a key role since it 1s 
formed by transamination from pyruvate in muscle and 
recycled to the liver where it enters the gluconeogenic 
pathway. The kidney also plays an important role in glu- 
coneogenesis, utilizing glutamine released from skeletal 


muscle, Both these amino acids also help to excrete the 
nitrogen generated by proteolysis and they do this by 
generating ammonium ions which are utilized to excrete 
amions (ketone bodies) and to synthesize urea. 


Fat metabolism 

Much of the body's energy is stored as fat in adipose 
tissue and during starvation this is mobilized by increased 
hipolysis associated with increased activity of hormone- 
sensitive lipase, This enzyme is activated via cAMP and 
is thus sensitive to those hormones which stimulate ade- 
nylate cyclase activity in adipose tissue (catecholamines, 
glucagon, cortisol, GH, ACTH and AVP), In addition, 
B-adrenergic receptor sensitivity to catecholamines is in- 
creased which allows noradrenaline to act synergistically 
with glucagon and vasopressin to stimulate lipolysis. The 
net result of this process is to release free fatty acids into 
the circulation, which are utilized as a major energy source 
by most tissues, including muscle, during starvation. 

In order for the free farry acids to leave the adipose 
tissue they require the permissive action of both cortisol 
and thyroid hormones. In the liver the free fatty acids 
undergo energy-vielding B-oxidation in the process of syn- 
thesizing acetyl CoA and ketone bodies. These latter com- 
pounds play a central role in survival during srarvation 
since they provide an important source of fuel, particu- 
larly for the brain. The liver produces 3-hydroxybutyrate 
and acetoacetate and the latter undergoes spontaneous 
decarboxylation to produce acetone, These compounds 
produce the condition known as starvation ketosis, Gluca- 
gon makes a major contribution to this situation via its 
ability to inhibit acetyl CoA carboxylase activity, thus 
lowering malonyl CoA concentrations with resultant 
suimulation of farry acid oxidation and hence kerogenesis. 
During the first few days of starvation both 3-hydroxy- 
butyrate and acetoacetate serve as the major fuels for 
muscle metabolism. However, as starvation progresses the 
consumption of these compounds by muscle decreases 
and the consumption by other tissues, particularly brain, 
increases. Acetone can also contribute to gluconeo- 
genesis via the metabolic intermediates propanediol and 
methyiglyoxal. 


Hormones 


Figure 19,3 shows that during starvation the major hor- 
monal influences are derived from an increase in the se- 
cretion of glucagon and catecholamines aided by cortisol 
and GH, together with a decrease in circulating insulin 
concentrations. AVP and aldosterone also contribute by 
helping, in conjunction with catecholamines, to prevent 
hypovolaemia. Thyroid hormones also play a role since 
plasma T3 levels fall progessively over the first 3 davs of 
starvation, together with a reciprocal rise in r T3 concen- 
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Fig. 19.3 Hormonally activated homoeostatic mechanisms during starvation. 


trations and a reduction in hepatic T4 5’-monoiodinase 
activity which has the net result of reducing mitochondrial 
oxidative phosphorylauon. 


PSYCHIATRIC DISORDERS 


Because the hypothalamus plays a central role in the inte- 
gration of behavioural and hormonal reponses it is not 
surprising that psychiatric illnesses influence endocrine 
function (see also Ch. 32). 


Schizophrenia 


Basal levels of GH and prolactin are normal in both acute 
and chronic shizophrenia. However, GH responses to the 
dopamine agonist apomorphine are enhanced in the acute 
and blunted in the chronic form of the iliness. Basal levels 
of gonadotrophins and TSH are normal in both acute 
and chronic schizophrenics with normal TSH responses 
to TRH and blunted LH and FSH responses to LHRHI, 
Other endocrine abnormalities include elevated AVP 
levels. 


Affective disorders 


The most consistent biological abnormality in depression 
is hyperactivity of the HPA axis (Table 19.25). This 
hypercortisolism appears to cause a high rate of non- 
suppression in the dexarmethasone suppression test (DST) 
and this has been widely investigated as a potential bio- 
logical marker of depression. These studies have produced 
conflicting results, perhaps reflecting the biological 
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Phase éhift in the circadian rhythm of ACTH and cortisol 





Aberrant GH responses 10 GRH and to TRH 


heterogeneity of depression. In general there appears to be 
a higher rate of non-suppression in endogenous than non- 
endogenous depression. However, the performance of the 
DST is dependent upon the diagnostic criteria used and 
the predictive value of the test can be improved when 
combined with other biological markers of depression 
such as the sleep electroencephalogram 

It must be remembered that a mutniber of other condi- 
tions can give rise to an abnormal DST and provide a 
diagnostic trap for the unwary (Table 19.26). 

Basal prolactin levels are normal in depression with 
reduced responses to L-tryptophan and fenfluramnine, 
perhaps reflecting abnormalities in central 5-HT function. 


Endocrine disorders (e.g. Cushing's) 


Obeuty 
Diabetes rmellitu 
Drugs (e.g. alcohol, harbiturates, curbamazepine} 
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About 30% of patients have blunted TSH responses to 
TRH which normalize during remission. There is also an 
increased incidence of thyroid disease associated with 
depression, 


Psychotropic drugs 


Psychostimulants such as the amphetamines cause wide- 
spread behavioural effects thought to be secondary to 
their effects on central monoamine function. As a result 
they also cause an increase in the secretion of various 
stress hormones such as ACTH, prolactin and GH. The 
imicyclic antidepressants have many pharmacological pro- 
perties including prominent effects on central monoamine 
function. Acute administration of desipramine stimulates 
the secretion of GH, ACTH, melatonin and prolactin. 
However, the effects on GH and melatonin may be re- 
duced in depressed patients and chronic administration of 
the drug may cause adaptive changes at adrenoreceptors. 
Selective 5-HT uptake inhibitors such as fluoxetine have 
not been shown to have any significant effect upon neuro- 
endocrine function. 

Anxiolvuc drugs such as the benzodiazepines act by 
acuvating central GABA-mediated mechanisms. As such 
they cause an increase in the secretion of GH and a reduc- 
tion in the secretion of ACTH and prolactin. Tolerance 
can be developed in patients on long-term therapy. The 
neuroleptic class of drugs such as the dopamine receptor 
antagonists cause increases in the plasma concentrations 
of prolactin. À 3-6-fold rise in plasma prolactin is seen 
within the first week of standard neuroleptic treatment 
and this effect is sustained over a long period of time. 
However, tolerance can develop after 5 vears of treatment. 
This side-effect of neuroleptic drugs can result in trouble- 
some amenorrhoea and galactorrhea. 

Lithium is well established as a treatment for mania. 
However, it can cause significant neuroendocrine effects. 
The most significant effects are those on the thyroid gland 
with about 4% of patients on long-term treatment devel- 
oping goitres. Following the start of hthium therapy plasma 
concentrations Of T3 and T4 decrease and, in most pa- 
tients, eventually return to normal although a significant 
proportion go on to develop hypothyroiïidism. Basal TSH 
levels are elevated in a third of patents on long-term 
lithium treatment and the TSH response 10 TRH is exag- 
gerated. Lithium also inhibits the peripheral conversion of 
T4 to T3 and increases the titre of thyroid autoimmune 
antibodies. Thus, all patients should undergo full thyroid 
assessment before commencing lithium therapy and 
should be monitored carefully during treatment. 

Another prominent problem of lithium therapy is 
néphrogenic diabetes insipidus. If this develops then the 
lithium should be stopped and alternative treatment insti- 
tuted. Lithium does not alter basal GH or prolactin levels. 
However, it may reduce the GH response to clonidine 


and it can enhance the prolactin response to tryptophan. 
Although lithium can increase the secretion of PTH, sig- 
nificant hypercalcaemia is an uncommon side-effect of 
lithium therapy. 


FEEDING DISORDERS 


The neuroendocrinology of feeding is highly complex and 
appears to involve the hypothalamus which integrates the 
interaction of a number of neurotransmitters and neuro- 
peptides (Fig. 19.4). Because of its central role in the 
feeding process it can be seen that feeding disorders 
may involve hypothalamic dysfunction with consequent 
hormonal abnormalities. 


Anorexia nervosa and bulimia nervosa 


Anorexia nervosa (AN) is a disorder which affects pre- 
dominantiy young females and 1s characterized by a fear of 
gaining weight associated with an altered perception of 
body image. It is associated with significant hypothalamic 
dysfunction resulting in characteristic hormonal changes. 
Some of these changes are compounded by the effects of 
weight loss, The underweight phase of AN is character- 
ized by profound hypercortisolism and shows features 
similar to those of depression (Table 19,27). These fea- 
tures suggest a normal feedback response with adrenal 
hypersensitivity. Hypothalamic hypogonadism is another 
cardinal feature of AN and in 50% of cases amenorrhoea 
may precede the weight loss. Other hormonal abnormali- 
ties also suggest hypothalamic dysfunction (Table 19.27). 

Bulimia nervosa (BN) is another feeding disorder 
which characterisuically affecrs voung females. The cardi- 
nal features are binge eatuing associated with a desire to 


Increased 24 h excreuon of urinary free cortisol 
Secondary amenorrhoea 
Low plasma oestradiol concentrations 


Low plasma LH and FSH concentrations 
Normal LH/FSH response 10 GnRH following priming 


Other hormonal abnormalities 


Angie mises of IST ln smnose t5 TU 

The GH response Lo à glucose load may show a paradoxical rise 
GH response vo insulin hypoglycaemia may be blunted 

Low plasma T4 and T3 concentrations 

High plasma rT3 concentrations 

Delayed TSH response to TRH 

Subnormal AVP response to increased plasma Na° concentrations 





purge either by vomiting, diuretics, laxatives, exercise or 
fasting. It may be found in conjunction with AN and up to 
30% of patients with BN have a history of AN. Thus there 
is much overlap between the two disorders and classifica- 
tion is further complicated by the fact that as many as 
50% of patients with BN have concurrent depression. The 
endocrine disturbances in BN are mulder than those in 
AN. They have mild hypercortisolism and basal thyroïid 
hormone levels are normal. However, as many as 50% 
may exhibit an abnormal TRH test with a delayed but 
normal peak TSH response to TRH, Similarly, 50% have 
menstrual abnormalities which may be one of two types. 
Patients with low body weight have low plasma oestradiol 
concentrations and failure of follicular development, while 
those with normal body weight have normal plasma 
oestradiol concentrations but progestérone secretion fails 
in the luteal phase. Also the secretion of cholecystokinin 
in response to a meal is impaired in BN. 


Obesity 


Obesity is a major cause of morbidity and premature 
death. Endocrine disease is a recognized but uncommon 
cause of obesity (Table 19.28), but obesity itself can result 
in hormonal abnormalities. 

There appears to be a significant link between geneti- 
cally determined causes of obesity and hypogonadism and 
the best example of this is the Prader-Willi syndrome (see 
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Table 19.23), The hypothalamus appears to play a role in 
the development of certain types of obesity since damage 
to the ventromedial nucleus of the hypothalamus in 
both animals and humans results in hyperphagia, obesity 
and hyperinsulinaemia. However, this cannot explain all 
types of obesity and it is probable that abnormalities in 
peripheral mechanisms also play a role. It is known that a 
peripheral satiety system exists which utilizes a number of 
putative satiety hormones (Table 19,29), of which CCK 
appears 10 be the most potent. It mediates its effects on 
feeding partly via an ability to slow gastric emptying and 
partly via neuronal projections to the nucleus tractus 
solitarius and the paraventricular nucleus of the hypo- 
thalamus (see Fig. 19.4). However, on its own it only 
accounts for 20% of the satiety effect involved in termi- 
nating a meal and the effect of the other satiety hormones 
appears to be additive. Other circulating hormones which 
may influence fecding behaviour are shown in Table 
19.30. 

So far few studies have addressed the role of the satiety 
hormones in obesity. However, as far as the Prader-W'illi 
syndrome is concerned it appears that these individuals 
fail to satiate and that this is associated with very high 
plasma concentrations of CCK. 

Endocrinologists are often asked to see obese patients 
to exclude an underlying endocrine disorder. The diagno- 
sis is usually not difficult but one must be aware of the 
endocrine changes which can accompany obesity alone 
(Table 19,31). Obesity is often associated with changes in 
reproductive function in both males and females which 
may respond to weight reduction (Table 19.32). In gen- 
eral the evidence favours an abnormality in peripheral 
steroid metabolism as the most likely explanation for 
altered sex steroid secretion and binding in obesity. Both 
GH and pituitary-adrenal function may also be disturbed 
in obesity but this does not usually cause any diagnostic 
difficuity. In the case of prolactin there is a subgroup of 
patients with obesity in whom the prolactin response to 
TRH is normal but the response to insulin is abnormal. 
Abnormalities in AVP control mechanisms may also be 
found in obesity. 


AGEING 
The process of ageing has profound effects upon the en- 


docrine system and vice versa. It is generally agreed that 
the longevity of a species is determined by the genome 
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and recent evidence suggests that the endocrine system 
plays a role in the ageing process. It appears that the 
decline in a number of important body functions begins 
with changes in the neuroendocrine system. This process 
is initiated in the hypothalamus with a decline in both 
neurotransmitter function and hypothalamic hormone se- 
cretion. This is compounded by changes in the pituitary 
gland and its target organs primarily due to a loss of 
receptors and to derangements in postreceptor cellular 
events. Thus, a number of hormones show characteristic 
changes with advancing age and these must be taken into 
account when assessing elderly patients. 


In females the most obvious effect of ageing is the decline 
in reproductive function which culminates in the meno- 
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pause. À similar but less dramatic process occurs in males. 
In female rats there is good evidence for subnormal hypo- 
thalamic function due to derangements in noradrenaline 
activity resulung in deficient GnRH secretion. À similar 
decrease in hypothalamic noradrenaline activity has been 
shown to occur in humans but whether this is related to 
reproductive senescence is unknown at present. However, 
it is known that the hypothalamo-pituitary-gonadal axis in 
women appears to be similar to that in other mammalian 
species. 

As women approach the menopause they develop 
irregular menstrual cycles associated with hormonal 
changes. Changes in plasma FSH concentrations may be 
one of the earliest hallmarks of human reproductive age- 
ing. In the perimenopausal period the plasma FSH con- 
centrations are elevated during the early follicular phase 
and fall to normal as oestradiol concentrations increase in 
the late follicular phase. Similarly FSH concentrations are 
higher at the midcycle peak and in the late luteal phase. It 
is thought that this may be due to a change in GnRH 
pulse frequency with age which would produce a selective 
increase in FSH. 

Once the menopause has become established the 
ovaries become fibrotic and virtually cease to secrete 
oestrogens and progesterone, resulting in a further rise 
in plasma FSH concentrations, These hormonal changes 
not only produce unpleasant symptoms around the time 
of the menopause but also have profound implications in 
terms of other ageing processes. Perhaps the best example 
of this is the increased incidence of osteoporosis in post- 
menopausal women (Ch. 28), Replacement therapy in 
such women appears 10 delay the onset of osteoporosis 
and has other benefcial effects such as improved sexual 
function. 

Reproductive function in ageing men has so far re- 
ceived very little attention, However, it is becoming 
apparent that men also undergo a gradual decline in re- 
productive function (both Sertoli and Levydig cell func- 
tion) with age. Despite this, men are capable of remaining 
fertile into their ninth and tenth decades. As with women, 
there is considerable interest in the possibility of hormone 
replacement therapy for elderly men. As yet, no consensus 
of opinion has emerged. 


Growth hormone 

Growth hormone has a major promoting effect on protein 
synthesis. With age there is a decline in protein synthesis 
which :s probably related to a decrease in GH and 
insulin-like growth factor secretion. Once again, the 
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defect probably starts in the hypothalamus secondary to 
the decline in catecholamine activity. This causes an in- 
crease in somatostatin activity and a decrease in GHRH 
activity resulting in a decline in GH secretion. Reduced 
somatotroph sensitivity also plays a role since the GHRH- 
induced secretion of GH declines with age. It is possible 
that some of the defects in protein synthesis seen in ageing 
could be prevented by hormone replacement therapy. 


Neuroendocrine-immune interactions 


As mentioned above, the neuroendocrine and immune 
systems are funcuionally linked and hormones exert a 
great influence over immune functions, particularly with 
respect to the thymus (Tables 19,4 and 19.33). Immune 
competence and neuroendocrine function both decrease 
with age and there is good evidence to suggest this decline 
is interrelated. GH has been reported to restore thymic 
growth and function in elderly animals whereas hypo- 
thalamic lesions cause thymic involution and impairment 
of antibody production. No doubt this area will be much 
explored in the near future, especially with a view to 
therapeutic intervention in certain age-related disorders. 


CONCLUSIONS 


It is clear that hormonal changes accompany a wide 
variety of non-endocrine diseases. Some of these changes 
represent important adaptive mechanisms essential for 
survival. Others contribute to morbidity in certain condi- 
tions. Endocrine investigations in patients with systemic 
disorders should be ordered and interpreted with care. 
Many of the hormonal changes will improve with resolu- 
tion ofthe primary condition. However, some of the endo- 
crine abnormalities may represent associated endocrine 
conditions and some will require expert investigation and 
management to improve patient Care and quality of life in 
those patients with serious long-term illnesses. 


À comprehensive endocrnology text, each also covers the topics discussed 
im this chapter. 
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The paediatrician is faced with the investigation and man- 
agement of abnormal sexual development generally at two 
age periods: at birth and at the time of puberty. Early and 
middle childhood is normally a time of gonadal inactivity. 
Abnormal sexual development at birth is the result of 
disordered sex differennañion and presents as the difficult 
clinical problem of intersex, In contrast, the onset of early 
or late puberty is an aberrant development sunpermposed 
on à normal sexually differentiated individual. These two 
major groups of disorders comprise the majority of causes 
of abnormal sexual development to be discussed. 


INTERSEX 
Normal sex differentiation 


Male or female sex differentiation 1s programmed at ferti- 
Lzation depending on whether the zygote 15 heterogametic 
(46XY) or homogametic (46XX). À scherne summarizing 
the factors involved in sexual differentiation is shown in 
Figure 20.1. The presence of the Y chromosome influ- 
ences the indifferent or primitive gonad 10 develop as a 
téstis from a thickened ridge of coelomic epithelium on 
the medial aspect of the mesonephros. The gonadal ridge 
so formed is populated with primordial germ cells which 
have migrated from the wall of the volk sac. The first 
histological expression of fetal cesticular development is 
the appearance of seminiferous or sex cords berween 6 
and 7 weeks of gestation. Primitive interstitial cells differ- 
entiate later into Leydig cells, an event which coincides 
with the onset of testosterone synthesis by the fetal testis. 
The pivotal role for the Y chromosome in male sex differ- 
entiation has been recognized for more than 30 years 


Abnormal sexual 
development 


based on the sex phenotype of individuals with sex chro- 
mosome constitutions such as XXY and XO. The study 
of patents with structural abnormalities of the Y chromo- 
some narrowed the critical locus to the short arm of this 
chromosome. However, it was the study of sex-reversed 
XX males and XY females which finally chnched the iden- 
tification of a 35 Kb region on the distal part of the short 
arm of the YŸ chromosome adjacent to the pseudoauto- 
somal region as the primé candidate for the resns-deter- 
mining gene, The gene has been labelled SRY, standing 
for sex-determining region Y, while its homologue in the 
mouse is termed Sry. The majority of XX males are ex- 
plained by terminal exchange between the X and Y chro- 
mosome. In the case of XY females, there are examples 
of point mutations in the SRY gene which presurmably 
account for the sex reversal. 

With the committed differentiation of the indifferent 
gonad as a testis, two trophic factors produced by the 
testis control subsequent differentianon of internal and 
external genitalia in the male. Müllerian inhibiting factor 
(MIF) is produced by the Sertoli cells and acts ipsilater- 
ally to prevent the formation of a utérus, Fallopian tubes 
and upper two thirds of the vagina by causing regression 
Of Müllerian duct elements. This factor is a 575-amino 
acid glycoprotein which is encoded by a gene on the short 
arm of chromosome 19, An ELISA assay 15 now avarlable 
to monitor circulating concentrations of MIF in human 
serum. Levels are high in early infancy and fall gradually 
throughout childhood until they become undetectable 
after puberty. It has been proposed that measurement of 
the peptide in serum is useful as a test for the presence of 
testicular tissue and peérhaps also for function. The other 
trophic factor produced by the early developing testis is 
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Fig. 20.1 


téstostérone synthesized by Leydig cells. This produc- 
uon is controlled by placental chorionic gonadotrophin 
(hCG) towards the end of the Grst trimester and later by 
fetal pituitary gonadotrophin secretion. Theére 15 en vitro 
evidence from studies of rabbit fetal gonads maintainéd in 
a scrum-frec culture system that tésticular stercidogenesis 
may imtially be independent of gonadotrophin control. 
Wolffan ducts differentiate in the male into the vas defer- 
ens, cpididymis and seminal vesicles under the influence 
of a high local concentration of testosterone, The external 
génitaha in both sexes develop from a common anlagen 
comprising the urogenital sinus, genital tuberclé and 
swellings and urethral folds. Androgens again play a cen- 
tral role in the diflerentiation and development of these 
primordial structures in the male fetus, although for thése 
structures, dihydrotestosterone (D'HT) appears to be nec- 
essary 10 provide an amplification of the androgenic effect. 
The evidence for DHT dependency 1s 1llustrated by the 
predominantly female external genital phenotypé in 5ü@- 
réductase deficiency, one of the causes of male pseuda- 
hermaphroditism {sée later). 

Female sex differentiation is not critically dependent on 
any particular trophic factor. In the absence of the testis- 
determining factor, MIF and androgens, the indifferent 
gonad associated with the 46XX (or even 45X0O) karvo- 
cvpe develops as an ovary and the Müllerran ducts differ- 
entiate normally into female internal genital ducts. The 
external genital anlagen in the absence of androgens 


Séquence of events in normal sex differentiation (reproduced with 
permission of Edward Arnold Publishers). 


remains underdeveloped with respect to growth of the 
genital tubercle and the absence of midline fusion of 
the labioscrotal folds and swellings. The development 
of the lower part of the vaginsa from canalization of the 
vaginal plate is incompletely understood, but the process 
is probably influenced by oestrogens. Virilization of the 
female external genitalia from an extraneous source of 
androgens leaves the development of the female internal 
genitalia intact. 


Creneral classificiation of intersex 


According to Greek mythology, Hermaphroditos was 
the son of Hermes and Aphrodite who achieved an ambi- 
sexual state at Mis déath by becoming joined in oné body 
with the nymph Salmacis. À hermaphrodité 1s an indivi- 
dual possessing gonads of both sexes, Table 20,1 contains 
a long established simple classificiation of the three prin- 
cipal classes of intersex. True hermaphroditism refers to 
the presence of testicular and ovaran tissue {with follicles) 
in the same individual, The prefix ‘pseudo refers to an 
external genital development which is at variance with the 
internal gonads which are either testes or ovaries, but not 
a mixture of the two in the same individual, Thus in 
female pseudohermaphroditism, the external genitalia are 
virilized in an individual with à 46XX karvotvpe, ovaries 
and fermale genital ducts, Male pssudohermaphroditism 1s 
characterized by incompletely masculinized external gemi- 
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talia in an individual with a 46XY karyotype and testicular 
development. 

The causes and clinical manifestations of, and appro- 
priate investigations for, each of the three main classes of 
intersex will be discussed in turn. 


Female pseudohermaphroditism 


Table 20,2 lists the main causes of female pseudoher- 
maphroditism. The family of inherited disorders termed 
congenital adrenal hyperplasia accounts for virtually all 
causes of female pseudohermaphroditism and is described 
in detail. A maternal source of androgens may virilize the 
external genitalia in a female fetus, either in the form of 
isolated labial fusion or isolated clitoromegaly. Maternal 
androgens may be from endogenous or exogenous sources 
(see later). The fetal adrenal produces weak androgens, 
(for example 16&4O0H-dehydroepiandrosterone sulphate), 
which are normally aromatized to oestrogens by the pla- 
centa. À recently described rare cause of masculinization 
in a female fetus is placental aromatase deficiency. Maternal 
oestriol levels are low in the absence of evidence of signifi- 
cant placental dysfunction. À similar pattern of steroid 
secretion is produced by fetal adrenal insufficiency (e.g. 
congenital adrenal hypoplasia) and placental sulphatase 


Placental aromatase deficiency 
| Incrrasd matemal androgens 
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deficiency, The latter condition is a relatively common 
X-linked disorder characterized by prolonged gestation 
and the appearance of icthyosis during the first months of 
life in the affected male infant. 

Isolated clitoromegaly may occur in some preterm in- 
fants due to the persistent secretion by the fetal adrenal 
gland of 3B-OH-5-ene steroids which act as weak andro- 
gens. Isolated clitoromegaly or labial fusion in some 
newborn female infants remains unexplained. Certain 
syndromes are associated with an enlarged clitoris, such as 
neurofibromatosis and Seckel and Beckwith-Weidemann 
syndromes. 


Congemital adrenal kyperplasia 


This term refers to a family of disorders inherited in an 
autosomal recessive fashion and characterised by ACTH- 
induced hyperplasia of the adrenal cortex during fetal life 
as a result of primary cortisol deficiency. It is intriguing 
why maternal corusol concentrations are insufficient to 
compensate for fetal adrenal insufficiency. The pathways 
of adrenal steroid biosynthesis and the key enzymes in- 
volved arc illustrated in Figure 20.2. 

À deficiency of 21-hydroxylase enzyme activity accounts 
for more than 90% of the causes of congenital adrenal 
hyperplasia (CAH), The clinical hallmark is vinilization of 
the external genitalia in an affected female infant due to 
increased adrenal androgen producuon. The severity may 
range from mild isolated clitoromegaly or isolated labial 
fusion to marked clitoromegaly resembling a penis, scro- 
talization of the labia and the formation of a penile 
urethra. In this situation, the newborn infant may be mis- 
taken for a male with undescended restes. This enzyme 
defect is the commonest cause of intersex. The affected 
male has normal genitalia at birth apart from the occa- 
sional increase in scrotal skin pigmentation. At least 75% 
of all 21-hydroxylase-deficient infants have an associated 
defect in aldosterone synthesis. This manifests clinically in 
its most severe form as an acute salt-wasting state during 
the second or third week of life. Early biochemical fea- 
tures are hypokalaemia and increased urinary sodium 
excretion before the plasma sodium concentration starts 
to fall. The most sensitive index of mineralocorticoid 
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Fig. 20.2 Pathways of adrenal steroid biosynthests, The numbers refer to the following 
ensyrnes: 20,22-desmolase (1); L'o-hydroxylase (2); 36-hydroxvsteroid dehydragenase 
3); 17,20-desmolase (4); 21-hvdroxyiase (5): LIB-hydroxpiase (6); 18-hydroxysteroid 
dehycrogenase (7); 176-hydroxvsteroid debydrogenase (N); aromatase (0). 


insufficiency is an elevated plasma renin activity but the 
result is seldom available soon enough for diagnostic 
use, Hypoglycaenma may also occur with an adrenal salt- 
wasting crisis. The affected male salt-loser may be mis- 
taken for having pvloric stenosis. The latter disorder, 
when associated with prolonged vomiting, is characterized 
biochemically by a hypokalaemic alkalosis rather than 
the hyperkalaemmic acidosis, hyponatraemia and azotaerrua 
characrenstnc of the CAH infant in severe salt-Josing 
crisis. 

About 5%% of CAH cases result from a deficiency of 
the 11B-hydroxylase enzyme. Again the clinical hallmark 
is viriizatnion which tends to be more severe than in 
the 21-hydroxylase defect. Salt-wasting does not occur 
since increased production of deoxycorticosterone (see 
Fig. 20.2), a potent mineralocorticoid, compensates for 
aldosterone deficiency, Hypertension eventually occurs 
in the untreated state, The enzyme 3B-hydroxysteroid 
dehydrogenase is required for both corticosteroid and sex 
hormone biosynthesis. Consequently, a deficiency of thus 
enzyme causes either female or male pseudohermaphro- 
ditism depending on whether the karyotype is 46XX or 
46XY, The degree of virilization im a female infant with 
35-hydroxysteroid dehydrogenase deficiency îs nuld be- 
cause the increased production of dehydroépiandro- 
sterone and its sulphate produces a weak androgenic 
effect. In fact, it is now becoming increasingly recognized 
that the commonést presentation of this enzyme defect 
is in its partial form, manifesting an later he chnically as 


hirsutism, acne and menstrual dysfunction. The infant 
with severe enzyme deficiency will also be a salt-loser. 

Males with CAH either due to 2k-hydroxylase or 116- 
hydroxylase enzyme deficiencies are not vinilized at birth, 
despite plasma concentrations of téstosterone which may 
fall within the normal adult male range, There is no ready 
explanation for thus apparent paradox. Untreated males 
develop signs of virilization by the second or third year of 
life with penile and pubic hair growth, # muscular habirus 
and rapid linear growth. The testées remain infantile in 
size, an important clinical clue to indicate that the early 
pubertal development is not centrally activated from in- 
creased gonadotrophin secretion. 

The investigations required to confirm the diagnosis of 
CAH are listed at the end of thus chapter. The peripheral 
karvotype must be determined and should be available 
within 48 h of lymphocyte culrure, Virilized external geni- 
talis in an infant with a 46XX karyotype is invariably due 
to CAH, The diagnosis 1s clinched by the measurement 
of the concentration of 170 H-progesterone which can be 
determined in plasma, filter paper blood spot or saliva 
spécimens. Plasma concentrations of this steroid are gen- 
crally below 10 nmol/T. in heaïthy fullterm infants by the 
second day of hfe, che placenral influence on steroid levels 
having disappceared by then (Fig. 20.3), Deficiency of 21- 
hydroxylase activity is charactenstuically associated in the 
néewborn with plasma 170O0H-progestrone concentrations 
greater than 300 nmol/L. and not invariably, well in excess 
of 1000 nmol/L. Caution should be exercised with the 
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Fig. 20.3 Plasma 17O0H-progesteronce concentrations in normal and 
CAH infants during the first week of life. The line represents the mean 
and the shaded area the range of concentrations observed in normals. 
Affected infants are indicated by individual values, @ representing a 
value of 2430 nmol/L. (reproduced with permismon of Archives of 
Disease in Childhood), 


interpretation of resulrs in sick, preterm infants without 
adrenal disease who may show levels of 170 H-progester- 
one elevated to 100 nmol/L or more, presumably the re- 
suit of an adrenal response to stress. 

In the case of 11B-hydroxylase deficiency, the specific 
marker 1s an elevated plasma 11-deoxycortisol concentra- 
uon (see Fig. 20.2), although 170H-progesterone levels 
may be somewhat increased. À number of candidate 
precursor Steroid levels are expected to be elevated in 
35-hydroxysteroid dehydrogenase deficiency, but the 
most specific marker is 170 H-pregnenolone rather than 
dehydroepiandrosterone and its sulphate. 

There can be considerable confusion with the inter- 
pretation of plasma steroid measurements in the early 
newborn period, particularly if the infant is premature. 
There is a maturation delay in the onset of the adult pat- 
tern of adrenal steroid secretion as well as the production 
of a number of unknown steroids in fetal and early 
neonatal life which can interfere with the measurement 
of steroids by immunoassay techniques. It is particularly 
in such instances that specific analysis of steroid secre- 
tion is useful by measurement of the excretion of urinary 
steroid metabolites using techniques such as HPLC and 
GC-MS. 

Salt balance is disturbed if mineralocorticoid secretion 
is inadequate, Hyperkalaemia precedes hyponatraemia in 
onset, while urinary sodium excretion is inappropriately 
elevated. An even more sensitive index is an elevated 
plasma renin activity (after allowing for the normal 
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increase in the activity of this enzyme in the newborn). 
Plasma ACTH levels, as expected, are elevated in CAH 
but this provides no information on the type of enzyme 
deficiency. Similarly, plasma concentrations of testo- 
sterone and androstenedione are increased in both 21- 
hydroxylase and 11B-hydroxylase enzyme deficiencies. 
Many steroid concentrations can now be determined in 
filter paper blood spot specimens. Consequentlv, it is fea- 
sible to perform newborn screening for 21-hydroxylase 
deficiency by measurement of filter paper blood spot 
170H-progesterone concentration. 

It is unlikely that an adequate routine clinical examina- 
on of the newborn infant would miss a virilized female 
with CAH, so screening programmes are targeted at 
detecung the affected male infant who is at risk of a 
life-threatening salt-losing crisis. The turnaround time for 
processing results must be speedy if the screening pro- 
gramme is to identify the suspect case before clinical signs 
of a decompensated salt balance arise during the second 
week of life, The true incidence of CAH in newborns is 
probably no greater than 1 in 12 000 live births with a 
further halving of the incidence for the target group if 
it is assumed that all affected female infants would be 
recognized at birth. False positive tests for 170 H-proges- 
terone ocCur in preterm infants for reasons previously 
mentioned. For all these reasons, CAH newborn screen- 
ing has not become widely accepted alongside the current 
routine screening for congenital hypothyroiïidism and 
phenylketonuria. 

The molecular genetics of CAH associated with 21- 
hydroxylase deficiency has been well characterized in 
recent years. The mode of inheritance is autosomal reces- 
sive, Close linkage with the genes encoding the major 
histocompatibility complex on the short arm of chromo- 
some 6 led to the cloning of the gene for 21-hydroxylase 
located on this chromosome. Two genes, identified as 
CYP21A and CYP21B, were identified with only the B 
gene being functionally active in encoding for 21-hydro- 
xylase, The CYP21A gene has acquired a series of delete- 
rious mutations which cause a lack of transcriptional 
activity and a 2-3% difference in sequence homology 
between the two genes, À map depicting this part of chro- 
mosome 6 and adjacent genes of the HLA complex and 
complement is shown in Figure 20.4. 





Fig. 20.4 Schematic representation of the location of the 21- 
hydroxylase genes on chromosome 6, The relationship to the 
components of complement and the HLA-B and HLA-D loci are 


shown. 
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Both À and B genes each contain 10 exons. Approxi- 
mately 10-25% of patients with CAH have a deletion of 
the CYP21B and C4B gene unit. This would be possible 
to detect on Southern blot analysis of DNA digested by 
appropriate restriction enzymes and hybnrdized with a 
suitable radiolabelled probe. The majority of cases are 
the result of one of a series of mutations charactenizing 
the À gene which have been acquired by the B gene. Some 
of the known mutations resulting in functional 21- 
hydroxylase deficiency are listed in Table 20.3. À parrern 
is beginning to emerge which shows a correlation between 
the type of mutation and severity of the condition. For 
example, the simple virilizing form of CAH is specifically 
associated with the exon 4 mutation which changes an 
isoleucine to asparagme. The mutation in intron 2 
causes altered mRNA splicing and is a common cause 
of classic CAH. 

It has been possible to establish a prenatal diagnosis of 
21-hydroxvlase deficiency for a number of vears by meas- 
urement Of ammiotic fluid steroid concentrations. The first 
report utilized pregnanetriol as a marker, but later it was 
shown that an elevated 170 H-progesterone concentration 
in amniotic fluid collected at 16-18 weeks of gestation 
was a reliable test. Concentrations of androstenedione 
and testostérone in amniotic fluid are also elevated at this 
time but the levels are only discriminatory in an affected 
female fetus because of the normal surge in testosterone 
secretion which occurs in the male fetus during the first 
trimester. Genetic linkage with HLA haplotypes has also 
been applied in the past for the prenatal diagnosis of 
CAH. In this situation, the haplotypes of the family must 
be known beforehand in order to establish the HLA 
haplotype of the fetus through analysis of the amniocytes. 
The technique of chorionic villus sampling has provided a 
means of obtaining DNA for analysis as carly as 10 weeks 
of gestation. Again, it is essential to know the results of 
DNA analysis in family members in order to decide if the 
fetus 1s affected or not, 

Treatment can now be offered prenatally in order to 
prevent virilization of an affected female fetus. Dexam- 
ethasone, a long-acting glucocorticoid which readily 


Deletion of C4B and CYP21B genes 

Large gene conversions (CYP21A to CYP21B) 
Proline 10 leucine (codon 309 convermon in exon 1 
À ot C nucleotide change to Ci in imtron 2 


| An 8 base-pair deletion in exon 3 (codons 110-112) 
Isoleucine to asparagine (codon 172) conversion in exon 4 
Cluster of three missense mutations in exon 6 (codons 235-238) 
Valine to leucine (codon 281) conversion in exon 7 
À 1 base-pair insertion in exon 7 (codons 306-307) 

Nonsènse mutation (CAG 10 TAG) in exon 8 (codon 318} 
Arginine to tryptophan (codum 356) conversion in exon 8 





crosses the placenta, is given to the mother once the preg- 
nancy is confirmed. An early start to treatment is required 
because the fetal adrenal gland is able to function inde- 
pendently of maternal control by mid-first trimester, The 
diagnosis is confirmed or excluded, as well as the karyo- 
type determined, at the time of chorionic villus sampling. 
Treatment is continued throughout the pregnancy in the 
case of an affected female fetus. Further tests are needed 
after birth to confirm the diagnosis, In the case of an 
affected male ferus, treatment is discontinued since the 
development of the external genitalia will not be affected 
by the excess adrenal androgens. 

The gene encoding for the 11fB-hydroxylase enzyme 
is located on the long arm of chromosome 8. Since this 
form of CAH is far less common, there is little experience 
of prenatal diagnosis using molecular genetic analysis. 
However, the same principles would apply as those used 
for the prenatal diagnosis and treatment of 21-hydroxylase 
deficiency. 

Deficiency of 3f6-hydroxysteroid dehydrogenase en- 
zyme activity can lead to mild virilization of an affected 
female (due to excess weak adrenal androgens) or under- 
vinilization of an affected male (due to decreased testoster- 
one production in the testis). In either instance, there may 
be an associated salt loss. The gene which codes for this 
enzyme is located on the short arm of chromosome 1. 


Other causes of female pseudohermaphrodirism 


There is the possibility of a female fetus becoming 
vinilized by maternal androgens transplacentally acquired. 
Certain tumours may produce excessive androgens in 
the mother. These include ovarian lureoma of pregnancy, 
androblastoma, villus cell rumours and adrenal rumours. 
Appropriate investigation of the mother should be under- 
taken if investigation of the virilized female infant has 
failed to reveal a cause, Maternal ingestion of hormones 
with androgenic properties is an unhikely cause now that 
certain progestogens derived from nortestosterone are no 
longer used for the prevention of recurrent miscarriages. 
The fetal-placental unit acts as an important source 
of oestrogens during pregnancy. The aromatase enzyme 
complex of the placenta converts weak androgens pro- 
duced by the placenta (eg 16O0H-dehydrocpiandro- 
sterone sulphate) into oestrogens such as oestriol. À 
placental sulphatase enzyme is also required for desul- 
phation of these fetal steroids. À case of female pseudo- 
hermaphroditism has been described from Japan where a 
newborn female infant was virilized because of placental 
aromatase deficiency. À persistence of the normal fetal 
adrenal pattern of steroid production in a preterm female 
infant may occasionally cause vinlization, Isolated clitoro- 
megaly may occur as part of a syndrome (e.g. neurofi- 
bromatosis, Beckwith syndrome) without evidence of any 
apparent endocrine dvsfunction. 











FE LSoster ONE REF 
Fetal gonadotrophin defichency | 
Levdig cell hypoplasia, anorchis 

| netic testes 

| Defecrs in testicular steroidogencers 


Abnonmal tesostenme mardis 
Sa-reductase deficiency 
| Increased aromatase acriviry 


Normal testosterone froclutun 

Complete androgen insensitivity syndrome 

Partal androgen insensitiviry syndrome 

Abnormal Müllerian-inhibiting factor production or MCTION 


Male pseudohermaphroditism 


Male pseudohermaphroditism aith decreased testostérone 
producrion 

Table 20.4 hsts the main causes of male pseudo- 
hermaphroditism. Testosterone production is pituitary 
LH-dependent and hence any major disturbance in 
hypothalamo-pituitary function may result in incomplete 
male sexual development. For example, congenital hypo- 
pituitarism in the male is rypically associated with micro- 
penis due to prenatal LH and testosterone deficiency in 
the fetus. Differentiation of the external genitalia is usu- 
ally normal because of the hCG-dependent production 
of testostérone by the fetal testis, Other neonatal conse- 
quences of congenital hypopituitarism may include hypo- 
thyroidism secondary to pituitary TSH deficiency and 
hypoglycaemia dué ro a combination of ACTH and GH 
deficiency. The latter hormone deficiency will also mani- 
fest later in infancy with signs of growth suppression, Iso- 
lated LH deficiency may occur but this is more likely to 
cause delayed puberty in an otherwise normally developed 
male (see later). Stimulation with appropriate concentra- 
tions of biologically active LH appears ro be a prerequisite 
for normal Levydig cell differentiation and testicular 
stéroidogenesis. In the male fetus this is provided for by 
the effect of placental hCG and later fetal pituitary LH. 
There is a surge in LH secretion after birth which is re- 
flected in the male infant by a rise in plasma testosterone 
concentrations into the lower end of the normal adult 
male range. The testes are hyperresponsive at this age to 
exogenous hCG stimulation and abundant Leydig cells 
are evident on histology. When LH levels decline, there 
is a corresponding decrease in both basal and post-hCG 
stimulated plasma testosterone levels. Furthermore, the 
Leydig cells become differentiated and assume a fibro- 
blast-hke appearance during childhood, only to reappear 
again with the onset of puberty. Figure 20.5 depicts the 
pattern of plasma testosterone levels during these prenatal 
and postnatal phases, À biolagically inactive form of the 
LH molecule has long been suggested as a rare form 
Leydig cell aplasia. This has been given further credence 
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Fig. 20.5 Pattern of plasma testostérone profile during postnatal life 


in the male. 


by the recent discovery of an altered circulatuing LH mol- 
ecule in a male patient with hypogonadism, due to a single 
point mutation in the f-subunit of LH. This eliminates 
the ability of LH to bind to its receptor. 

Primary testicular abnormalities comprise a large group 
of causes of abnormal male differentianon and develop- 
ment. Sex chromosome abnormalities give rise to abnor- 
mal gonadal differentiation and in turn, often decreased 
Leydig cell function. Examples include mixed gonadal 
dysgenesis with an XO/XY karvotype, Klinefelter’'s syn- 
drome with an XXY karyotype and the XX male, The last 
disorder is seldom associated with incomplete genital dif- 
ferentiation apart from a mild hypospadias in about 10% 
of patients and a small penis. The recent identification 
of the SRY testis-determining gene on the Y chromosome 
was achieved in no small part by the study of why XX 
males develop restes, Ir is now clear that in the majority 
of XX males there has been X-Y translocation of the 
SRY gene during paternal meiosis. The corollary 1s the 
XY female in whom there is pure gonadal dysgenesis and 
a point mutation of the SRY gene in a proportion of cases. 
The external genitalia are normal female in these cases, 
who typically are tall and have primary amenorrhoëa, In- 
complete forms of XY gonadal dysgenesis occur and the 
external gemitalia can range from truly ambiguous to 
predominantly male or female in appearance. Structural 
abnormalities of the Y chromosome include deletions of 
both the long and short arms, dicentric chromosomes, as 
well as rings or isochromosomes of both arms. The clini- 
cal phenotype will depend on whether the sex-determin- 
ing region of the Y is preserved but a variable phenotype 
is probably the result of sex chromosome mosaicism due 
to an associated 45,X cell line. 

Assuming the presence of a normal Y chromosome 
{containing an intact SRY gene) and complete testicular 
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differentiation in fetal life, a defect in testostérone biosyn- 
thesis may be one cause of male pseudohermaphroditism. 
Figure 20.6 illustrates the pathway of testostérone biosyn- 
thesis whuch occurs in Levdig cells. The rate-limiting step 
is LH-induced conversion of cholesterol to pregnenolone 
via a P450 side chain cleavage enzyme (P450 scc}. Both 
thus enzyme as well as 35-hydroxvsteroid dehydrogenase 
and 17c-hydroxylase are required for adrenal steroid bio- 
synthesis. Consequentiy, features of adrenal msufficiency 
(salt loss, hypoglyvcaemuia, penpheral circulatory collapse) 
tend to predominate over signs of genital abnormalities. 
Typically, a male infant with 36-hydroxysteroid dehydro- 
genase deficiency has severely undervirilized external 
genitahia. Wolffan duct development 158 usually normal 
and Müllenian structures are absent, Partial forms of 
enzyme deficiency are now recognized with, for example, 
hirsutism in adolescent females as a climical presentation. 
À definitive marker of the enzyme deficiency in plasma is 
an increased concentration of 170 H-pregnenclone while 
the urinary excretion of metabolites of 4°-3B-hydroxy C19 
and A°-36-hydroxy C21 steroids are increased. The defect 
is imherited in an autosomal recessive manner and now 
that the gene has been cloned, reports are beginning to 
appear of gene mutations found in affected families. The 
cviochrome P450 17a-hydroxvylase enzyme is encoded 
by a gene on chromosome 10, À single P450 enzyme 
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mediates both 17@&-hydroxylase and 17,20-lyase activities. 
Males affected with 17o-hydroxylase deficiency manifest 
chnically with hypertension and usually female external 
genitalia. However, ambiguous external genitalia in an XY 
malé has beën described due to compound heterozygous 
mutations in the P450 17@-hvdroxylase gene. The gene 
for the cholestero! side chain cleavage enzyme 1s located 
on chromosome 15. When this enzyme is deficient, the 
adrenals appear large because of Hpid deposition. Affécted 
males are invariably raised as females because of the 
severe degrec of undervirilization. 

The final step in testosterone biosgnthesis is mediated 
by the enzyme 17f-hydroxysteroid dehydrogenase which, 
although not present in the adrenals, 15 widely distributed 
throughout the body. The enzyme is involved in reversible 
réactions between androstenedione and testostérone, 
oëstrone and cestradiol, and dehydroepiandrosterone and 
androstenediol, Deficiency of this enzyme in males rarely 
presents before puberty. Rather, affected males usually 
have female external genitalia at birth but then virilize 
at the me of expected puberty with marked clitoro- 
megaly, deepening of the voice and increased muscic 
mass, CGynaecomastia may also occur. No Müllerian 
structures persist. 

The profound viriization which occurs at puberty 
without evidence of masculinizing effects in wrero is an 
interesting paradox which is not fully explained. Clearlv, 
sufficient testostérone is synthesized at puberty as a result 
of LH-induced steroidogenesis. The ubiguitous distribu- 
non of 175-hydroxysteroid dehydrogenase enzyme may be 
a further explanation for enhanced androgen synthesis in 
later life, Most affected males have been rearèd as females 
and so it is customary to remove the testées and give 
oestrogen replacement when the diagnosis is established 
at puberty. Occasionaliy, there is same masculinization 
of the external genitalia at birth in which case it may be 
possible to rear the infant as a male and perform appro- 
priate corrective surgery to the external genitalia. Recent 
mutational studies have confirmed sbnormalities in the 
type 3 Isoenzyme. 


Male preudohermathrodiniem totth abnortnal testostérone 
metabolism 


Testosterone also funcnions as a prohormone by providing 
a substrate through aromatization for oestradiol formation 
on the one hand and amplification of the androôgen signal 
on the other, to the reduced androgen dihvdrotesto- 
sterone, The aromatase reaction is mediated by a cyto- 
chrome P450 enzyme complex which in the female 1s 
clearly most abundant in the granulosa cells of the ovary. 
Oestrogen formation in the male is predominantiy extra- 
glandular occurring in muscle, skin and fat. A small 
amount of oesrrogen is synthesized directly in the testis. 
Dihydrotestosterone is formed mainly by extra- 


glandular conversion of testosterone in androgen target 
ussues such as prostate gland and skin, The microsomal 
enzyme Sü-reductase requires NADPH as an absolute 
cofactor 10 irreversibly convert testosterone to dihydro- 
testosterone, Circulating concentrations of testostérone 
exceed those of dihydrotestosterone by more than 10 
times but the latter androgen is at least rwice as active 
as testosteronc in its biological effect, It appears that 
dihydrotestosterone is required to amplify the androgenic 
effect locally in specific target ussues, Thus, there 15 evi- 
dence that the development of male external genitalia in 
the fetus and the growth of the prostate gland and hair 
follicles in adult hie are predominantiy dihydrotesto- 
sterone-dependent. There is no better clinical example of 
this dependence than the syndrome of Sü-reductase defi- 
ciency in the human. Affected males have normal testis 
differentiation but undervirilized external gemtaha, Fypi- 
caily, there is micropenis, perineal hypospadias, unde- 
scended testes and the remnants of a urogenital sinus. 
The Wolffian ducts develop normally. Such infants are 
usually reared as females. However, studies in a large 
inbred population of patients with the disorder in the 
Domimican Republic indicate that spontancous vinhization 
occurs at puberty in response to incresscd testosterone 
secretion, That can partly be explained by an apparent 
increased responsivencss of the external genitalia to testo- 
sterone at puberty (in contrast to fetal life) and some 
residual Sa-reductase activity to account for a direct 
dihydrotesrosterone effect. The condition 1s autosomal re- 
cessive and a similar populanon of affected cases has been 
described in Papua New Guinea; there are also reports of 
isolated individuals, 

The biochemical diagnosis depends on determining 
the rauo of plasma testosterone to dihydrotesrosterone 
concentrations which normalls exceeds 30:1 in affected 
individuals. Since basal androgen levels are low in child- 
hood, an hCG stimulation test is required to demonstrate 
the abnormal ratio. Deficient 5&-reductase can also be 
demonstrated by measurement of the ratio of 5@- to 5f- 
reduced metabolites of C19 and C21 steroids in urine. 
That glucocorticoids are also metabalized by this enzyme 
is a uscful means to confirm the diagnosis in an affected 
individual in whom the testes have already been removed. 
The conversion of testosterone to dihydrotestosterone can 
also be measured in ziere by incubating genital skin 
fibroblaste with radiolabelled testosterone as substrate. 
However, the assay is not entirély reliable in view of the 
wide range of conversion values observed in genital skin 
fibroblasts from normals. 

Two genes have been isolated in the rat and human 
which encode for tiwo isocenzymes of 5a-reductase, Type 1 
is expressed in liver and intestine whereas type 2 is ex- 
pressed in the testis, epididymis and vas deferens. It ap- 
péars that type 2 enzyme acts as an anabolic enzyme to 
mediate thé growth-promoting effects of dihydrotesto- 
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sterone (eg. on prostate) whereas catalyuc effects are 
mediated by the type 1 enzyme in, for example, liver 
metabolism of C19 and C21 steroids. The rype 2 enzyme 
is encoded for by a gene on chromosome 5, À variety of 
mutations have now been identified amongst this 5 exon 
gene. The clinical phenotype in 5a-reductase deficiency 
can vary widely and mutational analysis of large numbers 
of different affected pedigrees may eventually explain such 
heterogeneity. 


Male pseudohermaphraditism tith normal testostérone 
production 


If testostérone and dihydrotestosterone synthesis are both 
normal, then resistance by target tissues to the action of 
these androgens will result in failure of masculinization. 
There are now numerous clinical syndromes recognized 
to be associated with hormone resistance, These include 
disorders as diverse as pseudohypoparathyroidism, pseu- 
dohypoaldosteronism, nephrogenic diabetes inspidus, 
resistance to thyroid hormones, vitamin D, growth hor- 
mone and insulin as well as male pseudohermaphroditism 
caused by resistance to androgenic hormones. 

Complete resistance to androgens in à 46XY male 
with normal testes presents phenotypically as a female. 
The term ‘testicular feminization” was originally coinéd 
to describe such individuals. Ir is now known that degrees 
of resistance to the action of androgens can manifest 
as à wide range of genital abnormalines so that the term 
androgen insensitivity syndrome (complete and partial 
forms) is more commonly used. The complete form of 
the syndrome is usually recognized in adolescence when 
an otherwise normal looking female 1s investigated for 
primary amenorrhoea. Breast development is normal, pu- 
bic hair is absent or sparse and the external genitalia have 
a normal female appearance. There is no development 
of the uterus and Fallopian tubes (due to the effect of 
Müllerian inhibiting factor produced by the testes) and 
the vagina is short and blind-ending. The testes are either 
situated in the abdomen or may be located within the 
inguinal or labial regions. Testes presenting as swellings 
within inguinal herniae may manifest in early infancy lead- 
ing to carly diagnosis 1f the sigmificance of bilateral in- 
guinal herniae in an apparent female infant is appreciated. 

Partial forms of androgen insensitivity manifest as 
varving degrees of virilization of the external genitalia. 
This Can range from mild clitoromegaly alone (female 
phenotype) 10 severe perineoscrotal hypospadias and per- 
haps micropenis (male phenotype). The latter phenotypic 
appearance !s common to several other disorders previ- 
ously discussed s0 that normal testosterone synthesis must 
be verified before partial androgen insensitivity can be 
considered as a possible cause, 

The hormonal profile consists of normal to clevated 
plasma concentrations of testosterone for age, imcreased 
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LH but normal FSH levels. Breast development at adoles- 
cence is thé result of LH-induced testicular oestradiol se- 
cretion coupled with a lack of the testosterone inhibition 
OÙ breast development which 1s the feature in a normal 
male. The reason why normal or even increased concen- 
trations of testosterone fail to elicit a biological response 
in target nssues 1s now reasonably well explained. Andro- 
gens, in company with other steroid hormoncs, enter a 
target cell in a passive manner and bind to an inactive 
receptor in the cytoplasm. The bound hormonc-receptor 
complex becomes activated so that it now resides in the 
nucleus where further binding takes place to specific chro- 
mosomal DNA target sites known as androgen response 
elements. It is postulated that the activated receptor inter- 
acts with other proteins which also act as transcription 
factors in order to influencé the putative gene expression 
which ultimately manifests the androgenic effect. 

Much is now known about the early steps in this path- 
way. The androgen receptor 15 expressed in genital skin 
Hbroblasts which, therefore, can be used for androgen 
binding studies in wire, When cells are incubated with 
increasing concentrations of radiolabelled dihydroresro- 
steronc, à saturation curve 1s obtained which, when ex- 
pressed as a Scatchard plot, provides information on 
receptor concentration and binding affimity for androgen. 
In general, cells from patients with the complete form 
of androgen insensitivity do not bind androgen whereas 
binding takes place in cells derived from patients with 
the pertuial form of the syndrome, Occasionally, there is 
a qualitative change in binding expressed as a decreased 
binding affinity of the receptor or there is evidence of 
thermolabiity as shown by decreased androgen binding to 
the receptor when the assay is performed at an increased 
temperature. The results of these indirect studies of 
the androgen receptor indicated éithér the absence of thé 
receptor protein in complete androgen msensitivity or the 
presence of a réceptor which was somechow structurallv 
abnormal m partial androgen insensitivity. 

The cioning of the androgen receptor gene has pro- 
vided a considerable impetus to understanding androgen 
binding defects in the androgen imsensitivity syndrome. 
Thé androgen receptor is a member of a superfamily of 
nuclear receptors which include receptors for gluco- 
corticoids, oestrogens, progestogens, maincralocorticoids, 
vitamin D, thyroid hormones and the retinoids among its 
number. À further number of orphan receptors with a 
similar array of functional domains have also been discov- 
ered whose ligands have vet to be identified. The andro- 
gen receptor is encoded by a gene located in the region 
Xgl1i-12 on the X chromosome and is comprised of eight 
exons, One large exon encodes for the N-terminal domain 
of the receptor protein which is involved in transcriptional 
régulation. À central domain, which is highly conserved 
amongst the family of nuclear recéptors, is encoded by two 
exons and contains cysteine residues which co-ordinate 


two molecules of zinc. These act as ‘fingers’ to bind the 
receptor to chromosomal L'XA target sites, The C-t1erm- 
nal end of the protein is involved with androgen binding 
and 15 encoded by five exons. Antibodies raised against 
specihic peptide fragments of the androgen receptor can 
be used for the localisation of androgen receptor ex- 
pression. Thus immunocvtochemistry has demonstrated 
androgen receptors in brain, prostate gland, pituitary and 
sebaceous glands as well as genital skin fibroblasts. 

The combined approach of studies of androgen bind- 
ing in genital skin fMbroblasts and mutätional analysis of 
the androgen receptor gene is now shedding light on the 
causes of androgen insensitivity, particularly in the com- 
plete form. Whether androgen either binds normally to 
fibroblasts or binding is absent, deficient or qualitatively 
abnormal indicates the likely location in the gene of a 
possible mutation, For éxample, patients with complete 
androgen insensitivity and normal binding have been 
described with either a complete deletion or a functional 
point mutation in one or other of the two exons encoding 
for the zanc fingers. It is assumed that the androgen re- 
ceptror complex in such cases 15 unable to bind to specific 
DNA target sites. Large deletions of the gene are uncom- 
mon. The majority of patients with the complete form of 
androgen insensitivity are binding negauve and have point 
mutations in one of the five exons encoding for the hor- 
mone binding domain, These may be in thé form of pre- 
mature stop exons, substitutions of one armino acid for 
another and mutations at intron/exon junctions leading to 
altered transcript sphicing, Mutations in the androgen 
réceptor gene account for most, 1f not all, cases of the 
complete androgen insensitivity syndrome, 

The situation with the partial form of androgen msensi- 
uvity is far less clear. Point mutations have been reported 
in one of the five exons encoding the C-terminal hormone 
binding domain in a number of cases. Clues as to whether 
that is a likely occurrence can be gleaned from androgen 
binding studies which usually show decreased specific 
binding activity or a qualitative abnormality in binding 
such as an altered binding affinity of the receptor or evi- 
dence of thermolability at increased incubation rempera- 
ture of the binding assay. À mutational screen in these 
patients is also more likely to be positive when more than 
one member of a family is affected. However, the majority 
of patients with phenotypic evidence of partial androgen 
insensinvity demonstrate normal androgen binding in 
genital skin Hbroblasrs and a mutational screen of the 
androgen receptor gene 15 normal. Clearly there are other 
as vet unidentified genes mvolved in the complex process 
of normal masculinization of the external genitalia during 
fetal life. 

Punctional analysis of the androgen receptor gene is 
possible in order to determine the effect of various identi- 
ed mutations. Following the creation of an expression 
construct, Cell hneés such as thé monkey kidney epithelial 


cos cell line can be transfected in order 1o study the 
androgen binding characteristics of an altered receptor. 
Furthermere, transactivation assays utilizing both a recep- 
tor expression construct and a reporter construct can be 
used 10 duplicate the process in orvo of androgen receptor 
binding te DNA target sites. Thus, a mutation affeching 
the two exons encoding the central DNA binding domain 
could, when recreated in an expression construct, bmd 
androgen normally but will not increase the activity of a 
reporter gene such as chloramphenicol acetyltransferase. 
Similar experiments can be performed with récreared 
receptors spanning the whole range of mutations now 
being reported affecting this gene. 

À major unresolved question is the wide spectrum 
of genital abnormalines observed in the partial form of 
androgen insensitivity and perhaps the combined results 
of androgen binding and mutational analysis studies may 
shed some light on thus problem, The X-linked inherit- 
ance pattern for this syndrome requires appropriate ge- 
netuic counselling for affected families wluch can now be 
supplemented with information from molecular analysis. 
An interesting highly polymorphic polvglutamine region 
in the N-términal domain of the receptor can be a useful 
genetic marker to track a mutation through an affected 
family. Prenatal diagnosis by analysis of DNA obtained 
from a choronice villus sample can also be performed in 
comunction with sensitive techniques of ultrasound of the 
external genitalia. 


Truc hermaphroditism 


The word ‘true’ in this context defines a disorder of sex 
differentiation in an individual in whom both testicular 
and ovarian tissue are présent. Ovarian tissue im thus case 
is defined as a gonad which contains oocvtes or develop- 
ing folhcles and does not include the streak gonadal 
appearance typical of, for exampie, Turner’s syndrome. 
The gonadal pattern 15 variable; about half the described 
pauents have a umilateral ovoteshis with 4 contralateral 
ovarv or tests. Approximately one third of patients have 
bilateral ovotestes while in the remainder, there is a restis 
on one side and an ovary on the other (normally left) 
side. In view of the gonadal mix, it is not surprising that 
the appearance of the external genitahia 15 highly variable. 
They àre generally ambiguous with hypospadias and un- 
descended gonads. Ovotestes may be found in labioserotal 
folds. The phallus can be a reasonable size so that the 
maority of true hermaphrodites are raised as male. The 
appcarance of the internal genitalia is equally variable, À 
uterus is usually present and the genital ducts normaily 
develop according to the nature of the ipsilateral gonad. 
In the case of an ovotestis, a Fallopian tube generally pre- 
dominates but rarely can be combined with Wolffian duct 
development as well. The minority of infants raised as 
females have breast development at puberty and may 
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also menstruate. Fertility has been reported, Karvotype 
frequency is 46,XX > 46XX/46XY > 46,XY (rare). 


PUBERTY 
Physical signs of normal puberty 


Puberty is the transitional period between childhood and 
adulithood which also spans adolescence and leads to the 
acquisition of reproductive capacity. The ume span for 
the physical changes to take place lasts 4-5 years on aver- 
age, but the changes in an individual may be compressed 
into a 2-vear interval or expanded mto a 6-vear me frame. 
What does vary quite considerably is the age at onset of 
the signs of puberty. It is important to appreciate that such 
an age range exists so that the limits of what constitutes 
early {precocious) and late (delayed) puberty are defined. 

The first physical sign of puberty in girls is develop- 
ment of the breasts which starts, on average, at 11 vears 
with an age range of 8-13 vears. Tlhus starts as a small 
mound of tissue beneath the nipple manifest as a breast 
“bud’ and easily distinguishable on palpation from the 
softer and more amorphous texture of subcutaneous fat. 
Further development of the nipple, areola and underlying 
breast tissue takes place over the ensuing 4 years or s0, 
the entire process conventionally classified into five stages 
(B1-5). 

Almost comcident with breast development ts the onset 
of pubic hair growth as the second physical sign of pu- 
berty, although pubic hair may precede breast develop- 
ment in 10% of giris. Hair growth actually starts initially 
on the labial skin before spreading over the mons pubis 
and occasionally later on, to the medial aspect of the 
upper thighs. Five stages of pubic hair growth are also 
described (PH 1-5}. Axillary hair growth occurs at about 
12,5 years of age and takes a further 18 months or sû to 
reach adult configuration. 

Menarche, the onset of menses, is a relatively late event 
occurring at about 13 vears of age in the UK. This would 
coincide with breast development stage B4, Many factors 
influence the age of menarche, including genetic and 
socioeconomic. Even in the UK, there is a North - South 
divide with 3 months or so séparating the age at menarche 
in girls studied in the two geographical regions while 
the difference amounts to 6 months when comparing 
Southern with Northern Europe. 

Increaséd growth velocity is another obvious outward 
sign of puberty. In girls, peak height velocity (defined as 
che maximum rate of growth achieved during pubertvi is 
achieved relatively early in puberty (around breast stage 
B2-3) and before the onset of menarche. This also implies 
that by the ume girls start to menstruate, the majority of 
adult height has been achieved. Changes in body compo- 
ation also occur at puberty, with fat distribution typically 
being a specific feature in gris. 
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The physical signs of puberty in boys are also divided 
conventionally into five stages. The first sign is enlarge- 
ment of the testes which is obviously not an outiward sign 
to observe, Tesnuicular volume, as determined by the use 
of a series of standard ovoids (the Prader orchidometer), 
remains berween 2-3 mL throughout infancy and child- 
hood. An increase 10 4 mL heralds the onset of puberty 
which occurs, on average, at 11.5 years with an age range 
of 9-14 vears. Progressive enlargement of the testes takes 
place over 3 vears with testicular volumes reaching up 
to 25 mL in adult life. Leydig cells constitute only a small 
part of testicular volume with virrually 95% comprising 
seminiferous tubules. 

Pubic hair development, which may start as a few 
scrotal hairs, follows closely on testicular development 
and follows the same pattern of stages as in the female. 
Spread of hair upwards along the abdominal wall is char- 
acteristic in many men and is sometimes classified as stage 
PH6. Growth of the penis, Grstly in length and then in 
breadth, procecds alongside these other changes and is 
given a composite stage rating (G1-5) with the increase in 
testicular volume, Growth of axillary hair, moustache and 
beard are all later events in puberty ranging in age from 
14-16 vears. ‘Breaking’ of the voice 1s dué to enlargement 
of the larynx and elongation of the vocal cords which 
again does not occur until genital stage 3-4. 

Peak height velocity in boys corresponds with genital 
and pubic hair stage ratings of 4 and testicular volumes 
ranging from 12-15 mL. This occurs, on average, at a 
chronological age of 14 vears as opposed to 12 vears in 
girls. The adult male is taller than an aduit female for 
two reasons, a later age starong the growth spurt fhence 
taller initially) and a greater magnitude of height incre- 
ment achieved (28 versus 20 cm in females), Genetic fac- 
tors also play an addiuional role. Body composition alters 
in favour of increased muscle development and relatively 
less subcutanceous fat. 


Endocrine changes in puberty 


There is an enormous wealth of data on hormonal events 
occurming at the time of puberty but the precise trigger 
which iniuates the onset of puberty in the human still 
remains elusive, There is activation of pituitary gonado- 
trophin secretion both in early fetal life and again after 
birth for several months. During this latter penod, plasma 
concentrations Of gonadotrophuns and sex steroids may 
reach levels normally observed at puberty. Throughout 
later infancy and childhood gonadotrophin levels remain 
low, although evidence of pulsatile LH secretion using 
more sensitive immunoassays Ççan be detected in some 
children. 

The first endocrinological evidence for puberty is an 
increase in LH secretion associated with nocturnal sleep. 
The trophic hormone is released in a pulsatile fashion in 


response 10 à bolus of GnRH released into the pituitary 
portal system. The neurons whuch release GnRH migrate 
to the hypothalamus from the medial olfactory placode 
during fetal development. À failure of such migration is 
considered to be the cause of some inherited forms of 
hypogonadotrophic hypogonadism which are associated 
with anosmia (Kallmann's syndrome). The concept of a 
CmRH pulse generator is now accepted to play a role in 
the onset of puberty by causing a progressive increase in 
amplitude and frequency of LH pulses which predates the 
onset of physical signs of puberty by more than 1 year, 
Numerous studies of 24h profiles of plasma gonado- 
trophin concentrations have dermonstrated this phenom- 
enon, wlule increased gonadotrophin responsiveness to 
acute GnRH administration is a more practical way to 
demonstrate the impending onset of puberty. The neuro- 
endocrine mechanisms which Cause activation of the 
CnRH generator at the appropriate age are extremely 
complex but appear to involve excitatory amino acids, 
catecholamines, neuropepride Ÿ and acetylcholine as well 
as external influences such as nutrtional intake. 

In response to increased gonadotrophin secretion, 1€ 15 
not surprising that a gradual increase in the secretion of 
gonadal stéroids occurs, principally testostérone in males 
and oestradiol in females. This is based on cross-sectional 
and longitudinal studies on groups of children. Random 
daytime sex steroid measurements are seldom predicrive 
of pubertal events in an individual, although early morning 
testosterone levels as à reflection of nocturnal secretion 
are more useful, Boys show the most marked increment in 
testostérone levels by stages 2 and 3 of puberty., Sperma- 
togenesis starts between 11 and 15 vears of age and sperm 
can be detected in early morning urine specimens by 13 
vears of age, Thus the reproductive capacity is achieved 
some time before pubertal maturation 1s completed, 

The attainment of reproducrive capacity in the female 
depends on a more sophisticated hormone control system 
because of the requirement for cychcal gonadotrophin se- 
cretion to ensure ovulation. Increasing oestrogen secretion 
by developing ovarian follicles under the influence of FSH 
leads eventually 10 a positive feedback on LH secretion in 
the form of a midevcle surge. This is a relatively late event 
in female pubertal development. The onser 6f menses :s 
seldom accompanmied by ovulatory cycles from the outset 
and there is generally à 1-2 year interval after menarche 
before the majority of girls are ovulating regularly. Ulera- 
sonography has provided an additional means to assess 
the development of reproductive function in gris. En- 
largement of the uterus and endometrial thickening is 
readily evident after birth due to the effect of transplacen- 
tal passage of maternal oestrogens. It is not uncommon to 
observe multiple ovarian follicular cysts on ultrasound 
examination, Throughout childhood, cystic changes in the 
ovary often occur and the effect of increasing secretion of 
ocstradiol during puberty can be observed by appropriate 


morphological changes in the appearance of the uterus. 
The prepubertal uterus actually starts to increase in size 
from 7 vears of age onwards. 

Adrenal androgen secretion increases in late childhood 
and before evidence of increased gonadal activity occurs. 
This phenomenon, termed adrenarche, is characterized by 
an increase in dehydroepiandosterone (and its sulphate) 
and androstenedione secretion which starts in both sexes 
at about 7 years of age and continues for the next 7 years 
or so. There is no concomitant increase in adrenal gluco- 
corticoid and mineéralocorticoid secretion and so it has 
been postulated that a trophic factor other than ACTH 
may be selectively stimulating adrenal steroidogenesis at 
this time. No such factor has vet been isolated but there 
is evidence of increased activities of the 17,20-lyase and 
17-hydroxylase enzymes. À mid-childhood small growth 
spurt has been identified at the same age which may in 
part be caused by the increase in adrenal androgen pro- 
duction. There is no evidence to indicate that adrenarche 
has a role in activating the central neural-mediated onset 
of puberty in the normal child. 


Precocious puberty 


As a general guideline, signs of puberty which occur be- 
fore the ages of 8 and 9 vears in girls and boys respectively 
indicate abnormal early puberty. The problem is com- 
moner in girls in which a cause is often not found. Table 
20.5 lists some of the known causes of precocious puberty 
in both sexes. Structural lesions within the central nervous 
system are increasingly recognized through sensitive 
imaging techniques of the hypothalamic-pituitary region. 
Head trauma if severe may be followed quite abruptly by 
the onset of puberty. It is presumed that premature activa- 
tion of the GnRH pulse generator has occurred. Similar 
mechanisms may operate in hydrocephalus, cerebral 
palsy, spina bifida and intracranial infections. 


CGenadwroplan-dependent (central) 
Idiopathic 

Head trauma 

CNS irradiation 
Hypothyroidisnn 


Cronadarrophin-crdependent 


MeCune-Albright syndrome 
Adrenal numours 
Adrenal hyperplasia 

| CGronadal tumoturs 

| Testoroxicosts 
HCG-sécreting tumours 
Pubertal vanants 
Master dual ct 
Premature sdrenarche 

| Exogenous sex stercricie 
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Tumours in the region of the hypothalamus known to 
be associated with precocious puberty include hamartoma, 
astrocytoma, neurofibroma and, occasionally, cranio- 
pharyngioma. While such tumours causing precocious 
puberty have the same prevalence in boys and giris, as a 
proportion of all causes of precocious puberty, a tumour 1s 
more likely to be found in a boy, Hypothalamic-pituitary 
damage from cranial irradiation for the treatment of such 
tumours and for prophylaxis in leukaermia is increasingly 
resulting in early onset of puberty. Endocrine investiga- 
tions confirm that these central causes are associated with 
a gonadotrophin-dependent increase in gonadal steroïd 
production. 

The McCune-Albright syndrome comprises the triad 
of café au lait skin pigmentation with irregular margins, 
fibrous dysplasia of bone (affecting particularly long bones 
and the base of the skull) and signs of precocious puberty. 
The latter in girls is typically gonadotrophin-independent 
as shown by a prepubertal LH and FSH response to acute 
GnRH stimulation. Autonomously functioning multiple 
ovarian cysts occur as well as evidence of dysfunction in 
other endocrine glands such as the thyroid (thyrotoxico- 
sis), adrenal (Cushing's syndrome), pituitary (gigantism 
and hyperprolactinaemia) and parathyroids (hyperpara- 
thyroidism). The condition may present in early child- 
hood and progress to gonadotrophin-dependent ovarian 
hyperfunction and the consequent problems of menses in 
a voung Child. The McCune-Albright syndrome is less 
common in boys and may manifest with asymmetrical 
enlargement of the testes as well as the secondary sexual 
characteristics. Recent studies suggest an abnormality 
in cell signal transduction to account for the endocrine 
hyperfunction characteristic of this syndrome. Thus so- 
matic mutations which appear to activate the o-subunit 
of the Gs protein have been identified in several patients 
with the McCune-Albright syndrome. 

Autonomously hyperfunctioning testes independent of 
gonadotrophic stimulation are also a known cause of pre- 
cocious puberty in males. Familial forms are recognized 
which present with signs of virilization but with restes in- 
appropriately small for the size of the pemis. T'estosterone 
levels are increased while basal and GnRH-stimulated 
levels of gonadotrophins are suppressed. Histological ex- 
amination of the restes shows Levdig cell hyperplasia and 
spermatogenesis. By analogy with Graves’ disease (thyro- 
toxicosis), the term ‘testotoxicosis’ has been applied but in 
contrast 10 the autoimmune thyroid disorder, no circulat- 
ing stimulatory LH antibody which binds to testis LH 
receptors has been demonstrated. À circulating stimulat- 
ing factor for Leydig cells with LH-like activity has been 
demonstrated in plasma from affected boys using a bio- 
assay system. Another possible cause may be related to 
some disturbance of the intratesticular regulatory mecha- 
nisms which are now known to exist in the local control 
of Leydig cells by Sertoli cells. One definite cause for 
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testotoxicosis has been established by mutation analysis of 
the LH receptor gene. Constitutively activating missense 
mutations have been identified in that part of the gene 
which is important in G protein coupling. The rationale 
for treatment in gonadotrophin-dependent precocious 
puberty is based on the effect of continuous as opposed 
to pulsatile secrenion of GnRH. In the former mode, 
long-acung agonists of GnRH are used which bind to the 
GnRH receptor on gonadotropes and cause desensitiza- 
tion with loss of receptors. The effect persists with continu- 
ing agonist treatment because the intracellular signalling 
pathway becomes uncoupled. Conditions such as the 
McCune-Albright syndrome and familial ‘testotoxicosis” 
do not respond to such treatment initially because of the 
autonomous gonadotrophin-independent nature of these 
two disorders. Later, they may become gonadotrophin- 
dependent and hence GnRH agonists can be added to the 
treatment regimen. 


Vanants of early puberty 


Other forms of early puberty are described where gonado- 
trophin dependence 1s not a feature and the signs of 
puberty are incomplete. The term ‘pseudoprecocious 
puberty’ is sometimes used to encompass these variants. 

The most frequent form is premature thelarche or iso- 
lated early breast development. The usual age of onset is 
1-3 vears and occasionally breast development may have 
persisted as a result of neonatal gynaecomastia. There 
may be unilateral or bilateral breast enlargement which 
typically tends to wax and wane over time. There are 
no other signs of puberty and the rate of linear growth 
is normal for chronological age. Plasma oestradiol and 
gonadotrophin concentrations remain prepubertal. It has 
been suggested that breast enlargement is the result of 
enhanced tissue résponsiveness to a transient increase in 
oestradiol which was either missed by timing of sample 
collection or an inadequate assay sensitivity fails to detect. 
Increased concentrations of sex hormone-binding globu- 
lin (SHBG) have been detected in some girls with prema- 
ture thelarche. The consequence of this change would be 
a decrease in free testosterone concentration with an in- 
crease in the ratio of free oestradiol to testosterone levels. 
This may explain the breast development, even though 
total oestradiol levels are not increased. The source of 
oestogen is ovarian and ultrasonography shows the ap- 
pearance occasionally of a small ovarian cyst. The natural 
history of premature thelarche is the onset of puberty and 
menarche at a normal age as well as normal reproductive 
potential. 

Premature adrenarche is the term applied ro the early 
development of pubic hair without any other signs of 
puberty. It is more common in girls, occurring usually 
between 6 and 8 vears of age. The cause is an increase 
in adrenal androgen production associated with elevated 


levels of dehydroepiandosterone and its sulphate, as well 
as androstenedione. Since there is no concomitant in- 
crease in the secretion of C21 steroids, it has been sug- 
gested that some steroidogenic trophic factor other than 
ACTH has an effect on adrenal androgen secretion. No 
precise factor has vet been identified but there is circum- 
stantial evidence to indicate a change in the activity of 
certain steroidogenic enzymes in the zona reticularis of 
the adrenal gland. The natural history of premature adre- 
narche is progression to normal puberty at the appropriate 
age. 


Delayed puberty 

The wide range for the age of onset of puberty in normal 
children has been emphasized previously, On the basis of 
that information, puberty would be regarded as delayed if 
physical signs have not started by 13 years and 14 vears of 
age in girls and boys, respectively. Table 20.6 lists some 
of the causes of delayed puberty in both sexes. The list is 
not an exhaustive one but encompasses the great majority 
of the important causes. 

Delayed puberty presents as a clinical problem far more 
often in boys than in girls. This may be an ascertainment 
bias perhaps because of the greater social pressures of 
delayed puberty (and hence short stature) in a boy than 
a girl. Most delayed puberty just represents the extreme 
lower end of the physiological range for pubertal events. 
Since it 1s inevitably accompanied by short stature due to 
the delayed appéarance of the pubertal growth spurt, this 
common cause is called constitutional delay in growth and 
development. There is often a family history of a similar 
problem affecting the parents when they were teenagers. 
The natural outcome is for puberty to develop spontane- 
ousiy (according to skeletal maturation as assessed by 
bone age examination rather than chronological age) and 
lead to normal, albeit delayed, final height according to 
genetic potential. 


Constitutional delay in growth and development (transient) 


CXS tumours 


CNS irradiation 
Isolated gonadotrophin deficiency 


Syndromes (eg. Prader-Wili) 


| Syndromes (e.g. Tumner’s, Klinefelter's) 
Gonsdal dysgencsis 


Acquired gonadal dysfunction (irradiation, chemotherapy) 





The clinical assesment of delayed puberty led to the 
conclusion that this is a disturbance in the tempo of 
growth and pubertal maturation, Endocrine assessment 
suggests à delay in activation of the hypothalamic GnRH 
pulse generator. Thus, random and GnRH-stimulated 
plasma gonadotrophin levels are low and appropriate for 
physiological development, as arc the levels of gonadal 
steroids. Thé problem has been to distinguish this from 
a similar endocrine profile which appertains in delayed 
puberty secondary to hypogonadotrophic hypogonadism. 
Spontaneous onset of puberty does not occur in the larter 
disorder, but there 15 cleariy a me hmit to how long oné 
can wait. The growth delay component in delaved puberty 
is partly the result of an insufficient production of growth 
hormone (GH} reflected in decreased pulse amplitude. 
This, in turn, results in less generation of insulin-like 
growth facror L (IGF1) which may be relevant for gonadal 
funcuon. There is cleariy a complex inteérplay of sex hor- 
mones, GH and growth factors operating at the time of 
puberty. 

Organic causes affecting the hypothalmic-pituitary 
area result in hypogonadotrophic hypogonadism and de- 
laved puberry. Numerous examples exist such as cranio- 
pharyngioma, optuic glioma, germinoma, astrocytoma, 
head trauma (may also lead to early puberty), effects of 
irradiation, infiltrative diseases and postinfectious lesions. 
Functional gonadotrophin deficiency is usually the reason 
for delaved puberty arising as a result of chronic systemic 
disease (such as cystic fibrosis, inflammatory bowel dis- 
case, chronic renal failure, anorexia nervosa, poorly con- 
trolled diabetes) and exercise-induced amenorrhoea in 
female athletes and ballet dancers. 

Several syndromes are associated with gonadotrophin 
deficiency; these include Prader-Willi, Lawrence-Moon- 
Biedi and Kallman's syndromes, The last disorder is asso- 
ciated with anosmia or hyposmia and is now known 10 be 
due to a failure of migration of the GnRH neurons from 
the olfactory placode to the medial basal hypothalamus. 
The syndrome exists in a variety of forms of severity due 
to hetérogenous mutations which may affect either the 
À chromosome or autosomes. Contiguous gene delenions 
involving the distal short arm of the X chromosome can 
result in Kallmans syndrome associated with icthyosis 
(steroid sulphatase deficiency), mental retardation and 
chondrodysplasia puncétata. 

Another example of isolated gonadotrophin deficiency 
OCCUrS In association with congenital adrenal hypoplasia, 
Affected individuals present in infancy with a salt-losing 
crisis and masquerade as if the diagnosis was congenital 
adrenal hyperplasia. However. adrenal steroid levels are 
low and unresponsive to ACTH sumulation, The diagno- 
sis may be suspected before birth because of low maternal 
cestriol excretion resulting from decreased steroid sub- 
atrates from the affected fetal adrenals. The disorder is 
X-linked and affected boys fail to enter puberty spontane- 
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ously because of an associated gonadotrophin deficiency. 
Whether the cause is secondary to hypothalamic dysfunc- 
tion or is a primary pituitary defect has still not been satis- 
factorily resolved, An association with glycerol kinase 
deficiency has been demonstrated and the congenital 
adrenal hypoplasia locus mapped to Xp21.3-21.2, Muta- 
tions in D'AX-1, a gene which encodes a new member of 
the nuclear hormone receptor superfamily, have recently 
been described in patients with X-linked congenital adre- 
nal hypoplasia and hypogonadotrophic hypogonadism. 

The other major groups of disorders which manifest 
with delaved puberty are those associated with primary 
hypogonadism, In these, gonadotrophin levels are elevated. 
Chromosomal disorders as exemplified by Khnefelter's 
syndrome (47XXY) in the male and Turner's syndrome 
(45XO and variants) in the female are an important cause 
of delaved puberty. Turner's syndrotne has an incidence 
of about 1 in 2500 liveborn girls although more than 95% 
of 45XO conceptuses arc aborted spontancously, Two 
constant chnical features of this syndrome are short stat- 
ure and failure to enter puberty spontaneously because of 
premature ovaran failure. The former feature dictates 
that a peripheral karvotype should be performed on any 
short girl in whom there is no readily apparent cause for 
the growth failure. 

The typical physical features of Turner's syndrome 
may not always be present, They include a short broad 
neck which may be webbed, a low hairline, low-set ears, 
high-arched palate, ptosis, hypoplastic nails, short meta- 
carpals, cubitus valgus (increased carrying angle), pigmented 
naevi and Cardiovascular anomalies, Affected gris are 
often small at birth and some present then with peripheral 
lymphoedema. Growth failure is invariably present by 
2-3 vears of age. Ovarian failure is a progressive process 
starting in late gestation and appears 10 be an acceleration 
of the diminution in the number of primary oocytes which 
occurs between fetal and postnatal life in the normal fe- 
male. In Turner's syndrome, only streak gonads remain 
as rermnants of ovanies, The occastonal Turner patient 
with preservation of the long arm of the X chromosome 
has spontaneous breast development and menses. Man- 
agemment Of Turnér patients requires ocstrogen réplace- 
ment at the time of expected puberty and the use of 
growth hormone to enhance the final adult potential. 
Chromosomal mosaiciem in the form of 45XO/46XY 
may show some features of che Turner phenotype but the 
predorminant physical expression 1s abnormal develop- 
ment of the external genitalia, 

Klinefelter’s syndrome affects about 1 in 1000 males 
and is characterized in adult life by tall stature, small firm 
testes, gynaecomastia and infertility. Detailed survey of 
affected boys ascertained by cytogenetic analysis at birth 
indicates that the onset of puberty is not actually delayed 
and genital development is satisfactory in the majonity of 
patents. Other causes of primary hypogonadism in the 
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male include tesrtosterone imosynrhetic defects, the effects 
of chemotherapeutic agents in the treatment of conditions 
such as the nephrotic syndrome and leukaernia, and 
anorchua. The last problem is relatively common and is 
somenmes referred to as the vamishing testis syndrome. 
Genital differentiation in affected boys is normal which 
implies that tesnicular function (including testostérone 
and MIF production) was also normal in early gestation. 
The cause of resticular regression is not known although 
testicular torsion leading to a compromised blood supply 
is à reasonable explanation, Proloenged stimulation with 
HCG to demonstrate an absent plasma testosterone re- 
sponse is à useful test to confirm anorchia and may avoid 
an unnecessary explorative laparotomy., More recently, 
measurement of MIF levels in plasma has been proposed 
as a useful marker of the presence or absence of testicular 
tissue. 


INVESTIGATIONS 


Abnormal sexual development embraces disorders which 
may be the result of dysfunction in one of a number of 
endocrine systems. Rather than provide a catalogue of 
tests arranged according to endocrine glands (eg. pitui- 
tarv, adrenals, gonads), the following is a brief guide to a 
suggested list of investigations based on a problem-orien- 
tated approach, In that respect, the three major clinical 
problems 16 consider are intersex, precocious puberty and 
delayed puberty. It is assumed that the performance of 
investigations only follows and is mfluenced by a detailed 
chimcal history and physical examination of the patient. 


Intersex 


Peripheral karyotype 
Plasma 170 H-progesterone 
Plasma testosterone 

Pelvic ultrasound 
Vaginogram 


Initial baseline tests: 


Karvotype 46XX 


Consider congenital adrenal hyperplasia: 
{a) 21-hydroxylase Plasma 17O0H-progesterone Î 
defect (normal < 10nmol/L.} 

Plasma testosterone T (normal 
< 1,6 nmol/L) 
Plasma androstenedione 
Flasma 21-deoxycortisol Il 
Plasma Na', K', urea 
Plasma renin activity 
Plasma sidosterone 
Plasma ACTH 
Urinary pregnanetnol (by gas 
chromatography) 
DNA for CYP21B gene mutation 


Plasma 11-deoxycortisol T 
Plasma testosterone T 
Plasma androstencdionc 
Urinary tetrahvdro-1 1- 
deoxycortisol 

Urinary tetrahydro- 
deoxycorticosterone 


(b} 11$-hvdroxylase 
defect 


(c} 3f-hydroxysteroid Plasma 170H-pregnenolone 


dehydrogenase Plasma dehydroepiandrosterone 
defect Lnnary pregnenetriol 
Urinary 160 H-pregnenolone 
Urinary 160 H- 
dehvdroepiandrosterone 


À Synacthen stimulation test is sometimes required to 
amplify the specific markers used for each of the enzyme 
defects. In the short-term stimulation, à standard dose is 
250 ug given Lv, or im, with samples collected at 0, 30, 
60 min. Occasionally, it may be necessary 16 use & depot 
preparation Gf ACTH for more prolonged adrenal stimu- 
lation. Dépot tetracosactnn 1 mg is given im. daily for 
3 days. 


Karvotyps S6XY 


Consider deficient androgen production or abnormal 
androgen action. 

The Iynchpin investigation is the hCG stimulation test 
which is designed to assess the capacity of Leydig cells to 
synthesize testosterone. There are several protocols in use. 
À frequently used protocol is hCG 1500 or 2000 units 
daily im. for 3 days with samples collected on day 1 and 
day 4 (34 h after the last hRCG injection). This is a short- 
term suimulation test which can be extended longer term 
by continuing hCG imections rwice weckly for 3 weeks 
with a final post-hCG sample collected 24h after the 
last hCG injection. Measurements to be performed on 
samples collecred before and after hCG injecnons include 
the following: 


Plasma 170H-progesterone 
Plasma androstenedione 
Plasma testostérone 

Plasma dihydrotesrosterone 
Plasma dehydroepmiandrosterone 
Plasma cestrone 

Plasma oestradiol 

Urinary androgen metaboltes 


A defect in testosterone biosynthesis, such as 17h- 
hydroxysteroid dehydrogenase deficiency, 1s characterized 
by a disproportionate increase in androstenedione and 
ocstrone compared with testosterone and oestradiol, re- 
spectively. In 5a-reductase deficiency, the ratio of testo- 
sterone to dihyvdrotestosterone im plasma and the ratio 
of 5 to 5h reduced androgen metabolites in urine :s a 
particularly useful marker of the enzyme defect. When 


normal androgen biosynthesis and metabolism are dem- 
onstrated, then a defect in androgen action to account for 
incomplete virilization must be considered. Ît 1s possible 
to study androgen binding in ire by the use of fibroblasts 
established in culture from primary genital skin explants 
taken at the time of surgery to the external genitalia. 
Mutational analysis of the gene for the androgen receptor 
protein may also be informative, 

An acute GnRH stimulation test is often performed in 
cases of gonadal dysfuncuion. The rationale is based on 
the classic negative feedback mode of operation so that 
an exaggerated LH/FSH response (perhaps also with el- 
evated basal levels) indicates primary gonadal deficiency, 
The GnRH dose is 100 ug given intravenously with sam- 
ples for LH, FSH and testostérone collectéd at 0, 20, 
60 and 120 min. An immunoassay for circulating MIF 1s 
now available and may become a useful marker for the 
presence of testiculär tissue. 


Precocious puberty 


The following is a list of some of the endocrme in- 
vestigations usually required in a case of precocious 
puberty: 


Basal LH, FSH, testosterone/vestradio!l 
Acute GnRH stuimulanon test 

Thyroid profile 

Prolactin 

B-hCG 


À thyroid profile is performed since paradoxically, 
severe primary hypothyroidism may sometimes lead to 
premature activation of the GnRH puise generator. The 
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acute GnRH stimulation test usually confirms a pubertal 
response in gonadotrophin levels; some centres would also 
assess pulsatile LH and FSH secretion during the day and 
night. Occasionally, precocious puberty may be caused 
by a primitive gonadotrophin-secreung tumour in the liver 
or tesus which would be indicated by any detectabie levels 
B-hCG. Any case of precocious puberty also requires de- 
taled radiological imaging of the hypothalamic-pituitary 
région, 


Delaved puberty 


The endocnne investiganon of delaved puberty is rather 
frustrating in view of the common occurrence of constitu- 
uonal delay in growth and development and the lack of a 
rehable and simple endocrine test for this physiological 
variant. The following hist contains some of the tests 
performed: 


Peripheral karvotype (delaved puberty in females) 
Thyroid profile 

Basal LH, FSH, testosterone/oestradiol 

Acute GnRH stimulation test 

Nocturnal LH/FSH profile (if facihtes available) 
Skeletal age (bone age) 


Other investigations of a non-endocrine nature may 
be required if chronic systemic disease is suspected as a 
cause of delayed puberty, For example, a full blood count 
would demonstrate the anaemia associated with late onset 
cocliac disease; urea and electrolyres may indicate evi- 
dence of chronic renal failure. Children with delaved 
puberty are also short and mav need investigations for 
growth hormone insufficiency. 
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Abnormalities of 
reproductive function 


John Waterstone, John Parsons, Fohn Miell and 


| Richard Ross 


INTRODUCTION 


In both normal males and females, gonads produce 
steroid hormones which affect secondary sexual character- 
istics, the functioning of the reproductive tract and sexual 
behaviour. Production of gametes and hormones by the 
gonads is under the control of pituitary glvcoprotein hor- 
mones. The hypothalamo-pituitary-gonadal axis appears 
to be universal throughout the vertebrates: small amounts 
of relcasing factors from the hypothalamus elicit the 
release of rather larger amounts of glycoprotein gonado- 
trophins and vet larger increases in gonadal stercids. 
These steroids in turn influence the rate at which they 
themselves are produced (feedback control}, 

In chinical terms, the couple presenting with impair- 
ment of reproductive funcrion should be invesnigated and 
assessed as a couple. However, the Mochemical aspects 
of reproductive function are such that it is convenient 
to consider the female and male separately and this 1 
réflected in the overall structure of this chapter. 





REPRODUCTIVE FUNCTION IN THE FEMALE 


Tohn Warerstone and John Parsons 


PHYSIOLOGY OF THE MENSTRUAL/OVARIAN 
CYCLE 


The ovary 


The human ovary produces female gametes and stéroid 
sex hormones. Both functions depend largely on the 
monthly growth and rupture of single ovarian folhicles. 


At birth some 10° immature germ cells are present in 
the ovaries as primary oocvtes, arrested between prophase 
and metaphase of the Grst meiotic division. Each primary 
oocyte is surrounded by a laver of epithelial cells, the 
whole being known as à primordial follicle (Fig. 21.1). 
Primary oocvtes do not complete meosis dunng chuld- 
hood; in fact the majority of them degenerate. 

During childhood the ovaries remain inactive, but at 
puberty a monthly ovarian cycle is established through the 
interaction of the hypothalamus and piruitary wich ovarian 
follicles and manifesrs irself by the onset of menstruation. 

The human menstrual cycle is 23-39 days long. Bv 
definition, day 1 of the cycle is the first day of menstrual 
blecding. The cycle is divided into follicular (or prolifera- 
tive) and luteal {or secretory) phases by the event of ovu- 
lation. In cycles of different length it is the duration of the 
follicular phase which varies; the length of che lutéai phase 
is remarkably constant at 13-15 davs. 


Follicle dynamics 


On day 1 of the cycle several 5 mm follicles are present in 
both ovaries. These consist largely of a fluid-filled antrum 
and can be visualized by ultrasonography (Fig. 21.2). 
Each 5 mm antral follicle has developed from a primordial 
folhcle by proliferation of the epithelial granulosa cells and 
by the appearance and coalescence of fluid-filled spaces 
among them (Fig. 21.1). The carlier stages of folhcle 
development do not require gonadotrophin stimulation, 
but the ‘recruitment” of antral follicles from the preantral 
pool is follicle-suimulating hormone (FSH) dependent. 
Through a poorly understood process of selection, one 
of the apparently idenuical 5 mm follicles present on day 1 
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Fig. 21.1 Maturanon of ovarian follicles. 


Fig. 21.2 (A) and (B) 
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becomes dominant while the others degenerate. The 
dominant follicle grows rapidly in the late follicular phase, 
reaching a maximum diameter of approximately 20 mm. 
Outside the basement membrane of the granulosa cell 
laver the wall of the dominant follicle consists of the theca 
interna and theca externa, which have developed from 
ovarian stromal cells. At ovulation the follicle collapses, 
rcleasing its fluid and the oocyte, which by now has com- 
pleted the first meiotic division. The follicle subsequently 
refills with fluid and blood vessels penetrate the basement 
membrane and vascularize the granulosa cells for the first 
time; further proliferation of the granulosa cells trans- 
forms what was the follicle into the corpus luteum. The 
corpus luteum has a limited lifespan; in the absence of 
conception it involutes, another dominant follicle devel- 
ops and the cycle repeats itself. 


Plasma concentrations of reproductive hormones 


Figure 21.3 illustrates the fluctuations in plasma con- 
centrations of reproductive hormones through a typical 
menstrual cycle. Changes in the pulsatile release of 
gonadotrophins in the late luteal phase (LLP) and early 
follicular phase (EFP) appear to bring about the growth of 
a group of antral follicles, one of which (the dominant 
follicle) enlarges greatiy and secretes increasing amounts 
of oestrogens., Although oestrogens generally exert a nega- 
uve feedback effect on gonadotrophin levels, high, nsing 
oestrogen levels in the later follicular phase (LFP) feed 
back positively on the hypothalamic-pituitary axis, causing 
a massive release of luteinizing hormone (the LH ‘surge”) 
and a smaller release of FSH. The LH surge triggers the 
resumption of meiosis and follicle rupture with oocyte 
release. Oestrogen levels fall transiently at ovulation, The 
corpus luteum secretes both oestrogen and progesterone; 
serum levels of both hormones peak in the mid-luteal 
phase (MLP), falling in the LLP as the corpus luteum 
involutes. It is likely that ovarian proteins such as inhibin 





Fig. 21.2 Vaginal ultrasonographic images of the ovary in the 
follicular phase of the menstrual cycle. (A) dav 2: (B) da 8; (C) day 13 
(day before ovulation). 
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Fig. 21.3 Hormone fluctuations during the human menstrual cycle. 


and activin also play a role in regulating follicle develop- 
ment and steroid synthesis. These proteins and other 
structurally similar ‘growth factors’ may exert important 
paracrine effects within the ovary. 


Uterine changes 


Rising oestrogen levels in the follicular phase induce 
prolferative changes in the endometrium, causing it to 
thicken, Oestrogens and progesterone, from the corpus 
luteum, induce secretory changes in the endometrium, 
preparing it for pregnancy. Once deprived of hormonal 
support from the corpus luteum, the endometriurn is shed 
and another cycle begins. 


Conception 


Fertilization takes place in the ampullary part of the 
Fallopian tube, close to the ovary. Implantation occurs 
6-7 days after fertilization. The early conceptus somehow 
signals the corpus luteum so that the life of the latter is 
prolonged, maintaining the endometrium. 


HORMONES REGULATING REPRODUCTIVE 
FUNCTION 


Gonadotrophin-releasing hormone (GnRH) is a deca- 
peptide secreted by neurons in the median eminence of 
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the hypothalamus. It is carried in the portal hypophysial 
vessels from the hypothalamus to the pituitary, where it 
stimulates the release of LH and FSH. Levels of GnRH 
in the general circulation are very low but are assumed to 
be reflected by LH levels, Release of LH is pulsatile; the 
inter-pulse interval increases from 90 min in the follicular 
phase to 220 min in the LEP. 

FSH, LH and human chononic gonadotrophin (hCG) 
are structurally similar glycoproteins, Each consists of an 
a- and a B-subunit, which are associated by non-covalent 
interactions, The &-subunits of FSH, LH and hCG (and 
of thyroid-stimulating hormone) are identical, while the 
G-subunits differ, conferring hormonal specificity, The «- 
subunit consists of 92 amino acids. Gonadotrophins are 
largely metabolized in the liver; 10-15% are excreted 
unchanged in the urine. 


Follicle-stimulating hormone (FSH) 


The B-subunit of FSH contains 118 amino acids. Carbo- 
hydrate constututes 22-25% of the dry weighr of FSH and 
there are four branched, mannose-nch oligosacchande 
side chains covalentiy bound to asparagine residues, rwo 
on the c@-subunit and two on the B-subunit. The biological 
role of the carbohydrate is partly to protect against degra- 
dation. FSH is synthesised and secreted by gonadotrophic 
cells af the anterior pituitarv, which also synthesize LH. 

The primary target cell is the granulosa cell of the 
ovarian follicle, FSH stimulates differentiarion of imma- 
ture granulosa cells, induces cytochrome F450-dependent 
aromatase, induces LH receptors on granulosa cells and 
increases the binding of FSH by granulosa cells. The cir- 
culating halfdife of FSH is 4h. Cestradiol amplifies the 
actions of FSH on granulosa cells. 


Luteinizing hormone (LH) 


The B-subunit of LH consists of 92 amino acids, LH has 
three carbohydrate side chains, carbohydrate accounting 
for approximately 15°%% of the dry weight of the hormone, 
The cireulatory half-life of LH is short (20 min}, contnb- 
uung to the pronounced pulsatility of plasma LH levels. 

Ovarian LH receptors are found on theca cells and on 
mature granulosa cells, LH stimulates production of an- 
drogens by the theca and of cestradiol and progesterone 
by mature granulosa cells and corpus lutesl cells. LH 
regulates steroid biosynthesis by influencing uptake and 
side chain cleavage of cholesrerol. 


Human chorionic gonadotrophin (hCCr) 


The f-subunit of hCG consists of 145 residues. hCG 
is synthesized by the syncytiotrophoblastic cells of the 
placenta, The hormone has a relativelv long plasma half- 
life (24-36 h). 


hCG interacts with the same receptors on luteal cells 
as does LH. It acts in the first trimester of pregnancy to 
maintain the corpus luteum and its ability to secrete pro- 
gestéronce, wlhuch supports the endometrnum. After the 
first trimester the placenta takes over from the corpus 
hateum in the synthesis of progesterone, hCG is detectable 
in serum 8 days after conception and peaks around che 
lüth week of pregnancy. 

hCG also stimulates testostérone synthesis im the testes 
of male fetuses, providing stimulation for male sexual 
differentiation. 


Inhibin and activin 


Inhibin is a glvcoprotein which has been isolated from 
follicular fluid in two forms consisting of a common «- 
subunit and one of two B-subunits, 8, (in inhibin A} and 
D Gn inhubin B). Follicular fluid also contains two dimers 
of the inhibin f-subunit, which are called activin; activin 
À 35 the homodimer of the 6, subunit, activin A--B is the 
BB heterodimer, Jn trero, inhibin suppresses the release 
of FSH from pituitary cell cultures, while activin stimu- 
lates FSH release, While these proteins may play a para- 
crine role within the ovary, it is uncertain whether they 
exert physologicalls important endocrine effects on the 
PITUITATY. 


Prolactin 


Prolactin 15 a single chain polvpeptide containing 198 
amino acids. Ît shares a High degree of homology with 
growth hormone and placental lactogen, It had been con- 
sidered a non-glycated protein, but it now appears that 
both non-glycared and glvcared species are present in the 
pituitary and in plasma. 

Prolactuin 15 synthesized by lactotroph cells of the 
antenor pitutary. Doparmme is the principal negative 
modulator of prolactin secretion; oestrogens and thyroid 
hormone-releasing hormenc increase prolactin release. 

Prolactin has diverse actions in vertebrates, plaving 
roles in processes as diverse &s osmoregulation and meta- 
morphosgis. Prolactin is luteotrophic in some mammals 
but not in man. The only definite role of prolactin in 
women is the postpartum imitation and maintenance of 
milk production. 


REPRODUCTIVE STEROID HORMONES 
Structure 


Ovanan steroid hormones are derivatives of cholestérol 
and contain the cyclopentanoperhydrophenanthrene nu- 
cleus (Fig. 21.4). Oestrogens (C-18) steroids, androgens 
(C-19 steroids) and progestogens (C-21 steroids) contain 
18, 19 and 21 carbon atoms respectively. These com- 





Fig. 21.4 Structural bass of steroid hormones, 


pounds and the pathways involved in their biosynthesis 
are illustrated in Figure 21.5. 


Biosynthetic enzymes 
1. Cholesterol side chain cleavage. Three separate reac- 
tions are involved: 20 &-hydroxylation, 22-hydroxylation 
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and scission of the C-20-22 carbon bond. This is the 
point where LH primanily regulates ovarian steroidogen- 
esis. The product of the process, which occurs in a mito- 
chondrial complex containing the cytochrome P450 
system, is pregnenolone. 

2. 36-Hvdroxvsteroid dehydrogenase A* isomerase. This 
catalyses both the 3B-hydroxysteroid dehydrogenation and 
isomerization of the double bond from ring B to ring A. 
Pregnenolone 1s thereby converted to progesterone. 

3/4. 17@-Hydroxylase/17,20-desmolase, This enzyme 
catalyses the 17@&-hydroxylation of pregnenolone and pro- 
gesterone. The desmolase reaction involves the formation 
of a peroxide at C-20, epoxidation of the C-17 and C-20 
carbons and side chain cleavage to form the C-17 oxo- 
steroids dehydroepiandrosterone from pregnenolone and 
androstenedione from progesterone. Both reactions are 
catalysed by the same enzyme. The intermediates are 
17a-hydroxypregnenolone and 17@-hydroxyprogesterone 
respectively. 

5. 17-Oxosteroid reductase, This enzyme catalyses the 
conversion of an 17-oxosteroid to a 17f-hydroxysteroid 
and vice versa. Androstenedione and oestrone are con- 
verted to testosterone and oestradiol respectively. 

6. Aromatase. This converts C-19A** oxosteroids to 
oestrogens by hydroxylation of the C-19 angular methyl 
group, oxidation and cleavage of the C-19 methyl group 





Fig. 21.5 Ovaran steroid biosynthetic pathways. The numbered arrows correspond to the description 
of biosynthetic enzymes in the text. 
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as formaldehyde, dehydrogenation of the À ring and 
finally conversion of the 3-oxo group to a 3B-hydroxy 
group. FSH regulates the level of this enzyme in granulosa 
cells. 


Oestrogens are synthesized from androstenedione, the 
major pathway being through oestrone. Pregnenolone 
15 converted to androstenedione either by the À pathway 
(through progesterone) or by the A pathway (through 
dehydroemiandrosterone). The A* pathway is favoured in 
granulosa/corpus luteal cells, while the A°1s favourcd in 
theca cells. 

The major secrered oestrogen is 17f-oestradiol; ir is in 
equilibrium with oestrone in the circulation, Oestrone is 
further metabolized to oestnol, probably for the most part 
in the liver. Oestradiol is the most potent oestrogen of the 
three and cestriol the least, 


Steroid secretion through the menstrual cycle 


Before ovulation the granulosa cells are not vasculanized. 
The theca cells produce large quantines of androgens, 
which diffuse into the granulosa cells and are converted 
to oestrogens, This concept of co-operanion between cell 
types 1 called the two-cell theory. Vascularization of the 
granulosa cells accounts for increased progesterone se- 
cretion in the luteal phase. The stromal cells of the ovary 
secrete small amounts of androgens. This secrerion be- 
comes more significant after the ménopause when it adds 
to oestrogen levels through peripheral conversion. 


Steroid hormone transport and metabolism 


Most circulating oestrogen and progesterone 15 protein- 
bound, loosely to albumin and stronglv to globulins; oes- 
trogens are carried by sex hormone-binding globulin (see 
later) and progesterone by corticosteroid-bindimg globu- 
lin. Dégradation of both C-18 and C-21 steroids occurs in 
the liver and involves hydroxylation and water solubiliza- 
tion by conversion to glucuromide and sulphäte conju- 
gates. Water-soluble metabolites are excreted in urine and 
in bile, Quantitative urinary tests were used in the past 
to assess levels of oestrogens and progestogens but have 
been superseded by rapid, sensiuve and specific serum 
inmmunoassays. The major excreted oestrogen and pro- 
gestogen are cestradiol and pregnanediol respectively. 


Actions of gonadal steroid hormones 
Oestrogens 


Oestrogens broadly maintan the functions of the repro- 
ductive tract, are responsible for secondary sexual charac- 
témstics and affect sexual behaviour. Oéstrogens cause 
myometnal hypertrophy, cause the endometrium to 
thicken in the follicular phase, promote secretion of large 


amounts of watery cervical mucus around the time of ovu- 
lation and maintain vaginal function, after ovanectomy or 
the menopause, the uterus and vagina shrink in size. 

Oestrogens produce duct growth in the breasts and are 
responsible for breast enlargement at puberty, Oestrogens, 
like androgens, increase libido in humans, apparently by a 
direct action on hypothalamic neurons. In general, oestro- 
gens reduce secretion of LH and FSH {negative feedback) 
but under certain circumstances oestrogens increase LH 
sécrétion (positive feedback}. In addition to their repro- 
ducuve role, oestrogens have important systemic effects; 
they maintain bone density and skin dhuckness and protect 
against atheromatous arterial disease in premencpausal 
females. 

Syntheuc ocstrogen derivatives wirh agonist actions are 
used in contracepüive and hormone replacement prepara- 
tions. Ethinyl oestradiol is most commons used: it is po- 
tent and, unlike naturally occurring oestrogens, is active 
when given by mouth, Recentdly, it has become possible to 
use 17fk-cestradiol for transdermal hormone replacement 
therapy by mcorporating it into skin patches. 

Anti-cestrogen préparations are also available: clomu- 
phene citrate and tamoxifen are non-steroidal triphenyl 
ethylene derivatives with mixed oestrogen agonist and 
antagonist actions, Clomiphene citrate 15 generally used 
for induction of ovulation, tamoxifen 10 treat oestrogen- 
dependent breast cancers. 


Progestogens 


Progesteroné causes secretory changes in endometrium 
already primed by oestrogen. It promotes the secretion of 
smaller amounts of thicker cervical mucus. Ir 15 essential 
for the maintenance of early pregnancy. 

Synthetic steroids with progesterone agomist properties 
are used in contraception and hormone replacement 
therapy. Those commonts used tend to be derivatives 
either of 17o-hydroxyprogesterone or of 19-nortesto- 
sterone, Both types of derivative are used in combined 
oral contraceptive préparations; along with éthinyl oestra- 
diol, they prevent follicle growth, promote an endometrial 
reaction unfavourable to implantation and render cervical 
mucus thick and impenetrablé to sperm. 

Compounds with progesterone antagonist action have 
only recently been developed. RUA486 1s a derivative of 
norethisterone which blocks the actions of progesterone 
pernipheralls. It induces menstruation when given in the 
late luteal phase. It also induces abortion when given in 
carly pregnancy and 15 already in use as an abortifacient. 


Androgen metabolism in the female 


The two main androgens in the female are testostérone 
and androstenedione, Dehvdroepiandrosterone (DHEA) 
and ns sulphate (DHEAS) are less important androgens. 


During the reproductive vears, 90%% of DHEA and DHEAS 
is synthesized by the adrenal and 10% by the ovary, Fifty 
per cent of androstenedione comes from the ovary and 
30% frorn the adrenal, Only 50% of testosterone produc- 
non is glandular (roughly equal contributions from adre- 
nal and ovarv), the remainder resulting from peripheral 
conversion of weaker androgens, mostiy in adipose tissue, 
Ninety-nine per cent of testostérone is bound and 1% is 
free; the great maority (78%) is bound to sex hormone- 
binding globulin {SHBG). SHBG is a glycoprotein syn- 
thesized in the liver, with a carbohydrate content 0f 34%. 
Ît is a high affinity, low capacity binding protein. Plasma 
SHBG concentrauons are rused when oestrogen levels 
are high (as in pregnancy) and in hyperthyroidism; levels 
arc low in women treated with testostérone. Because 
SHBG-bound testosterone is relatively inert biologically, 
it may be useful for laboratories to measure both testostér- 
one and SHBG, to give an indication of how much testo- 
stéroné 15 not SHBG bound. 


INVESTIGATION OF OLIGO- AND 
AMENORRHOEA 


Oligornenorrhoea means menstrual cycle length greater 
than 6 wecks, but less chan 6 months. Amenorrhosa means 
complete absence of menstruation or cycle length greater 
than 6 months. In these conditions ovulanon does not 
occur or is very infrequent, Women with oligo- or amen- 
orrhoëa may seek medical assistance because their bleed- 
ing pattern 15 abnormal, because of mferulity, because of 
hirsutism/viriism (see below) or with a combination of 
these complaints. 

Pnmary ovarian failure and hyperprolacinaemia are 
common causes of amenorrhoea, The former is diagnosed 
by a raised serum FSH level (> 40 iu./L) and is irrevers- 
ble. Diagnosis of the latter has béen confused by a lack of 
consensus about what constitutes the upper limit of nor- 
mal for serum prolactin concentration, values ranging 
from 300 to 1000 mU/L (15-50 ngmL.) have been quoted 
by different laboratones. Significant disease is unlikely 
unless the prolactin level is greater than 1000 mU/L. The 
possibilite that hyperprolactinaemia is secondary to drugs 
(e.g. meéthyidopa, phenothiazines and metoclopramide) 
must be excluded. Computed tomography (CT) of the 
pituitary should be performed routinely in hyperprolactin- 
acnma to exclude a macroprolactinoma {a prolactin- 
secreting adenoma) or a non-functioning tumour; the 
most frequent diagnoses resulting are idiopathic disease 
(no CT abnormality) or a microadenoma (inhomogenciry 
on CT scan), Microadenomas are s0 common in the 
normal population that the nature of their association with 
hyperprolactinaemia is uncertain, This topic is discussed 
further in Chapter 16. 

Increasingiy, the treatment of first choice for hyper- 
prolactinaemia, whether tumoral or idiopathic, is medical. 
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Bromocriptine has been the drug almost imvarably used, 
but new agents such as cabergoline and CV 205-502 
show promise. 

The majority of patients with cligomenorrhoca and à 
significant minority of those with amenorrhoca have 
polyvcystic ovariés, Today this morphological diagnosis 1s 
made by ultrasonography: polycyetic ovaries tend to be of 
large volume and contain a large number (> 10) of small 
(2-8 mm) follicles. Normal ovaries contain several small 
follicies in the early follicular phase and may be wrongly 
labelled as ‘polycystic" if diagnostic criteria are not apphed 
strictly. The classic ‘polycystic ovary syndrome’ (PCOS; 
synonym polycystic ovarv disease} was described by Stein 
and Leventhal in 1935: they associated polycystic ovaries 
with oligo- and amenorrhoëca in a small series of patients, 
most of whom were infertile or hirsute, [t later became 
apparent that plasma levels of LH and/or androgens are 
elevated in many but not all women with polycystic ova- 
nes; FSH levels are normal. To complicate the situation 
further, 23%% of women who have ne gynaccological 
symptoms have also been found to have polycystic ovaries. 

The term PCOS is best reserved for patients with poly- 
cystic ovancs (diagnosed by ultrasonography} who also 
have oligo-/amenorrhoes. The pathophysiology of PCOS 
is unknown; the disorder has been varously ascribed to 
primary abnormalities of the ovaries, of gonadotrophin se- 
cretion and of the adrenal glands. Ît ssems most Hkely that 
changes in the pattern of gonadotrophin secretion are re- 
sponsible for the failure of antral follicles ro grow and for a 
dominant follicle to emerge and ovulate, It is possible to 
induce follicle growth in patients with PCOS by therapeu- 
tic administration of FSH. Obesity and insulhin resistance 
are associated with PCOS and there is evidence that 
weight reduction in obese PCOQS patients leads to a re- 
sumpüon of ovulatory cycles, It is important to recognize 
that polveystic ovaries and PCOS can occasionally occur 
as a secondary phenomenon in patents with other endo- 
cine disorders. These include adrenal conditions such as 
congenital adrenal hyperplasia and Cushing's syndrome 
and pituitary diseases such as hyperprolactinaemia and 
acromegaly. 

Medical treatment of PCOS {as above) can bring about 
follicle growth 50 that subfertility can be temporarily over- 
come. In some patients with PCOS surgical treatment such 
as wedgc rescction or ovarian diathermy retums cycle 
length to normal. 

Hypothyroidism is a rare cause of chigomenorrhoes 
whuch causes secondary hyperprolactinaenma, 

Once ovarian failure, hyperprolactinaernia and hypo- 
thyroidism have been excluded further investigations are 
unnecessary. Patients whose complaint 1s infertility, with 
or without polyevstic ovaries, are treated by induction of 
ovulation. An anti-cestrogen is given imtally; clomiphene 
citrate has been used most widely and there is no evidence 
that others, such as cyciofemil, are superior, If ciomiphene 
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citrate fails, human menopausal gonadotrophins (hMG) 
are substituted, with human chorionic gonadotrophin 
given to induce follicle rupture by simulating the ovula- 
tory LH surge, hMG dosage is kept as low as possible to 
try to prevent a large number of follicles from growing. An 
excessive response, which tends to oécur in patients with 
polycystic ovaries, may result in multiple pregnancy or the 
ovarian hypersumulation syndrome. If safe induction of 
ovulation proves difficult, in oitro fertilization (IVF) treat- 
ment may be preferred. 


INVESTIGATION OF INFERTILITY 


Specific investigations aimed at establishing one of the 
causes of infertility in Table 21.1 are indicated if a woman 
has failed to conceive after trying for 12 months. Semen 
analysis is used to exclude subfertility in the male partner, 
but the results are often inconclusive; attempts at IVF 
establish the fertilizing capacity of semen more clearly. 
The causes and management of subfertility in the male 
partner are considered later in this chapter. 

Laparoscopy with hydrotubation and hysterosalpingo- 
graphy both assess patency of the Fallopian tubes, using 
direct vision and radiography respectively; intraperitoneal 
spillage of fluid injected through the cervix excludes rubal 
blockage. Ultrasonography, which is performed increas- 
ingly by the vaginal route, is used ro assess ovarian 
morphology. The postcoital test (PCT) is a traditional in- 
vestigation which involves the microscopic examination of 
mucus aspiratéd from the cervical Canal at mid-cycle; in- 
tercourse should have taken place approximately 12 h pre- 
viously. Normally, 15 motile sperm per high-power field 
are observed. À negative test is often the result of mistim- 
ing — cervical mucus only becomes penetrable by sperm 
for a couple of days around the time of ovulation. The 
finding of persistently negative PCTs suggests the need 
for measurement of antisperm antibody titres in cervical 
mucus, semen or male serum. Antisperm antibodies fall 
into two categories: immobilizing antibodies, which in 
high titres are associated with infertility, and agglutinating 
antibodies, which are not. 

Basal serum levels of FSH and LH are measured rou- 
tinely in infertile women. Usually a single serum sample 
is taken during the EFP, on day 1-3 of the cycle, Inter- 
pretation of apparently abnormal EFP gonadotrophin 
levels must take into account the pulsatile nature of re- 
lease of both hormones. For LH the pulse interval in the 
EFP is 65-90 min with peak and trough concentrations 


Male factors 
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varying by as much as a factor of 5. Serum FSH levels 
do not fluctuate so widely — by a factor of 2 at most. It is 
becoming apparent that elevated FSH levels in women 
with normal length menstrual cycles indicate diminished 
fertility and possibly incipient ovarian failure. In patients 
undergoing IVF treatment, EFP serum FSH concentra- 
tion is inversely related to the number of oocytes obtained 
and to the probabiliry of conception, basal FSH appears 
to be a better predictor of treatment outcome than age. 

Measurement of EFP LH is of less certain diagnostic 
value; levels tend to be abnormally high in patients with 
PCOS. Spuriously high serum LH values result when 
sampling coincides with a pulse peak, Basal levels of pro- 
lactin and thyroid hormones are unlikely to be of diagnos- 
tic value unless menstrual cycle length is abnormal. 

Laboratory investigations are used to assess the ovula- 
tory process, although it is impossible to be certain that 
ovulation has been normal except when conception has 
followed. Serum progesterone levels in the mid-luteal 
phase (MLP) (ie. 7 days after ovulation) are measured to 
assess ovulation. Values in conception cycles have been 
found to range between 28 and 53 nmol/L (8.8-16,7 ng/ 
mL), and 30 nmol/L is generally taken as the lower limit 
of normal for MLP progesterone. Serum sampling before 
or after the mid-luteal peak results in spuriousky low 
values. Serum sampling may be timed correctly by per- 
forming it several times and identifving the MLP sample 
retrospectively (8 days before the first day of the next 
menstrual period), Alternatively, the patient may detect 
her own LH surge using a one-srep urine test kit (see 
below) and serum sampling may be timed 8 days later. 
Progesterone is secreted in a pulsauile fashion during the 
luteal phase, concentrations varving by as much as a fac- 
tor of 3; when sampling coincides with a trough the serum 
progesterone level may appear abnormally low. MLP pro- 
gesterone levels in patients with unexplained infertility (no 
tubal, uterine or male factors identified) are consistentiy 
found to be lower than in conception cycles; some of these 
patients are presumed to be infertile because of poor 
luteal function. The term ‘luteal deficiency" is applied to 
such patients and it is assumed that they have a form of 
ovulatory dysfunction. 

Progesterone causes an elevation in body temperature 
and a biphasic pattern is apparent when the majority of 
women who ovulate record their temperature daily, with 
temperatures in the luteal phase higher by 0,5°C. Basal 
temperature charts have been used in the past to diagnose 
normal ovulation but are becoming outdated because they 
are inaccurate as well as inconvenient. Some patients who 
ovulate normally do not have biphasic temperature charts. 

Serial ultrasonography is used to examine and time fol- 
licle rupture; successive scans should visualize the growth 
and subsequent disappearance of a dominant follicle, In 
fact, the vast majority of patients with normal-length men- 
strual cycles exhibit normal follicle growth and rupture. 


The LH surge which precedes follicle rupture can be 
detected by qualitative urine tests which employ mono- 
clonal antibodies, One-step dip-srick tests are now com- 
mercially available and are used increasingly to dictate the 
timing of sexual intercourse, artificial insemination and 
frozen embryo transfer. 


Superovulation treatment 


Increasingly, subfertility, whatever its cause, is treated 
using assisted conception techniques. These techniques 
all involve superovulation treatment, which causes a 
number of follicles to grow so that several oocytes mature. 
Oocytes may be collected for fertilization #7 vitro or trans- 
ferred together with sperm to the Fallopian tubes (gamnete 
intrafallopian transfer, GIFT). Oocytes fertilized in wrrro 
are usually transferred to the uterine cavity as 2-8 cell 
cleavage stage pre-embrvos. Modern superovulation regi- 
mens include human menopausal gonadotrophins (hMG); 
commercial preparations are extracted from postmenco- 
pausal urine and contain equal quantities of LH and FSH. 


Superovulation without pituitary desensirizanon 


hMG has been used alone and in combination with clomi- 
phene citrate, Ultrasonography is used to determine the 
number of follicles which grow and their size. An endo- 
genous LH surge necessitates cancellation of the cycle and 
can be detected by serum sampling; LH, oestradiol (E,), 
progesterone or a combination of these hormones may 
be measured. If LH is measured a surge may be detected 
directiv. Oestrogen levels should rise continuousiy from 
day to day; a levelling off or fall indicates that a surge has 
occurred. Similarly, a rise in progesterone levels indicates 
a surge. An injection of hCG, used as a LH surrogate, is 
given when the largest folliclés reach a diameter of 17 mm, 
ideally just pre-emptung the endogenous LH surge; oocvyte 
collection is performed 34 h later. 


Superovulanon toith pituitary desensitizarion 


Most superovulation protocols now include administra- 
tion of a GnRH analogue, which prevents endogenous 
LH release, allowing oocyte collection procedures 16 be 
scheduled convemientiy, Thus far, agonists such as buse- 
relin acetate, leuprolide and decapeptyl have been used in 
order to achieve a functional antagonist action. Adminis- 
tration of a single dose of agonist results in the release of 
both LH and FSH and an increase in their plasma con- 
centrations, However, prolonged administration down- 
regulates pituitary receptors and results in low plasma 
levels of LH and FSH, Agonist is commenced on day 1 
or 2 of the cycle; hMG is added 2 weeks later (in ‘long 
protocols”) or 2 days later (in ‘short protocols”) and is con- 
uüunued until hCG administration. Because endogenous 
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LH release is prevented when GnRH analogues are used, 
serum hormone assays are unnecessary. hCG 1s usually 
administered when the diameter of the largest follicles is 
approximately 20 mm. 


HIRSUTISM AND VIRILISM 


Hirsutism means excessive hair growth in sites usually 
associated with male sexual maturity, i.e. the face, lower 
abdomen (giving the appearance of a male escutcheon), 
anterior thigh, mid-chest and periareolar region. It can be 
associated with acne and oily skin. Vinilism refers to more 
extreme manifestations of androgen exposure including 
temporal hair recession, clitoromegaly, increased muscle 
mass, breast atrophy and deepening of the voice. 

Testosterone, after conversion to dihydrotestosterone, 
acts on hair follicles so that terminal hair (long, coarse and 
pigmented) grows rather than vellous hair (short, fine and 
pooriy pigmented). Once stimulated, the hair follicle 
remains responsive to low-dose weak androgen exposure 
because it has attained the ability to convert weak andro- 
gens to testostérone. 

In a minority of cases, a definite cause of hirsutism can 
be identified (see Table 21.2). Polycystic ovaries, with or 
without oligo-lamenorrhoea, are associated with a substan- 
tial proportion of cases. In many cases, neither polycystic 
ovaries nor any of the rarer causes can be diagnosed; such 
hirsutism is térmed idiopathic. 

In idiopathic hirsutism total testosterone levels may 
be normal, but some androgen disorder can generally 
be identified. Androstenedione concentrations are usually 
elevated and SHBG reduced; free restosterone concentra- 
tion may be raised even though total testosterone is within 
normal limits. 

The investigation of hirsutism should determine whether 
androgen levels are indeed elevated and to what degree 
and rule out serious disease (particularly malignancy) of 
the ovary or adrenal. Grossly elevated testosterone con- 
centrations and hirsutism of sudden onset (especially 1f 
accompanied by virilism), suggest malignancy. 

Polycystic ovaries can conveniently be diagnosed by 
vaginal ultrasonography, which will also reveal all but the 
smallest ovarian tumours. Computed axial tomography or 
magnetic resonance imaging is used to visualize adrenal 
tumours. Laboratory investigations used to evaluate 
hirsutism include plasma cortisol and 17a-hydroxyproge- 
steronc, in addition to testosterone, androstenedione and 
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SHBG:; steroid hormone concentrations following over- 
night dexamethasone suppression or ACTH stimulation 
may also be useful. Adult-onset congenital adrenal hyper- 
plasia (CAH) is increasingly being recognized as a cause 
of hirsutism. The most frequent type is 21-hydroxylase 
deéficiency, which results in elevated plasma concentra- 
uons of 17@-hydroxyprogesterone and increased synthesis 
of adrenal androgens, Testosteronc concentrations are 
significantly elevated and ACTH stimulation is followed 
by an excessive increase in 17@&-hydroxyprogesterone (sce 
Appendix (), p.410, for protocol). In Cushing's syn- 
drome there 1s loss of the normal diurnal rhythm in 
plasma corusol concentrations and failure of suppression 
in the overnight dexamethasone suppression test. 

Although 90% of DHEAS 15 normally of adrenal ori- 
gin, elevated DHEAS levels in hirsutism do not confirm 
an adrenal source for the excèss: elevated DHEAS levels 
may also be found in polycystic ovarian syndrome. À 
DHEAS level that is more than vwice the upper limit 
of normal suggests the possibility of an adrenal mimour, 
Eflecnve suppression of elevared androgen levels in hir- 
sutism by dexamethasone might be expected to confirm 
an adrenal source: however, selective venous catheteriza- 
tion studies have demonstrated that elevated ovarian an- 
drogens in hirsutism may also be effecuively suppressed by 
dexamethasone. 
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Fig. 21.6 The seminiferous tububes. 


Once the rare causes of hirsutism shown in Table 21.2 
have been excluded, its treatment consists of medication 
to suppress androgen levels. Combined oral contracep- 
uves are widely used; they depress production of both 
ovarian and adrenal androgens. Glucocorticoids such 
as dexamethasone may also be effective, as may the anti- 
androgen cyprotérone acetate, Medical treatment may be 
supplemented by cosmetic techniques such as shaving, 
waxing and electrolysis. 





REPRODUCTIVE FUNCTION IN THE MALE 
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THE TESTIS 


The testis has two distinct roles - production of androgens 
and spermatogenesis. Androgen production occurs in the 
Levdig cells, which appear histologically as clumps of cells 
lying between the seminmiferous tubules. Levdig cell mass 
correlates posiuively with androgen production. The pre- 
dominant male androgen is testosterone and normal male 
sexual differentiation in the fetus is dependent on its pres- 
ence. In early gestation (12-16 weeks) fetal plasma testo- 
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sterone levels are high (up to 15 nmol/L) as a result of 
stimulation by placental hCG. Lower téstosterone levels 
are maintained during late gestation by secretion of LH 
from the fetal pituitary, and testostérone secretion may 
continue for many months postpartum before declining 
until the onset of puberty. 

Sertoli cells line the basement membrane of the 
seminiferous tubules (Fig. 21.6). Their function remained 
unknown for several vears following their initial discovery 
by Sertoli, who ascribed to them merely the roles of me- 
chanical support and nutrition of germinal cells. Recently, 
however, several important functions have been eluci- 
dated. The disappearance of Müllerian structures has 
been shown to occur in males as a result of a peptide 
secreted from these cells — the Müllerian inhibition factor 
(MIF). These cells also have well-characterized receptors 
for FSH and appear to mediate the hormonal effects on 
spermatogencesis. Under the influence of FSH, the Sertoli 
cells secrete a number of proteins, including an androgen- 
binding protein (ABP}, which is thought to act primarily 
as a transport protein, Cacruloplasmin, transferrin, plas- 
minogen and a mitogenic peptide. These substances are 
thought to play an important role in spermatogenesis by 
acting as transport proteins and as a source of energy for 
germ cell metabolism. The Sertoli cells have vight inter- 
cellular junctions resulting in a blood-testis barrier such 
that meiotic germ cells rely solely on their immediate mi- 
leu for nutrition, The composition of the seminiferous 
tubular luminal environment, which is under the regula- 
tion of Sertoli cells, differs considerably from that of extra- 
cellular fluid, À further FSH-dependent protein, inhibin, 
is also secreted from the Sertoli cells and has an important 
role in regulating gonadotrophin secretion by feedback 
mechanisms involving the hypothalamus and pituitarv. 


Androgens 


Testosterone secretion from Levdig cells follows stimula- 
tion by LH, which binds to specific membrane receptors. 
LH activates adenylate cyclase, resulting in formation of 
CAMP, which binds to protein kinase and in rurn activates 
the enzyme 20,22-desmolase, which 1s responsible for 
conversion of cholesterol to pregnenolone, The synthesis 
of testostérone is completed by four other enzymes (3B- 
hydroxysteroid dehydrogenase, 17ct-hydroxylase, 17,20- 
desmolase and 17f-hydroxysteroid dehydrogenase). In 
the adult, there is some circadian variation in the secretion 
of testostérone with a peak in the early morning and a 
trough at about 6.00 pm. Testosterone measurement 
should ideally be on samples taken at 9.00 a.m, 

At the target organ, testosterone is transported to the 
nucleus and gene activation results in the formation of 
specific messenger RNAs and proteins, Testosterone is 
usually converted to the active metabolite dihydrotesto- 
sterone (DHT) by the enzyme 5@-reductase. The biologi- 
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cal actions of testosterone and DHT are summarized in 
Table 21.3. 


Hypothalamic — pituitary control of testicular 
function 


Gonadotrophin-releasing hormone regulates the release of 
FSH and LH. GnRH is secreted from the hypothalamus 
in a pulsatile fashion with peaks occurring approximately 
every 90 min. LH secretion is also highly pulsatile, but 
plasma concentrations of FSH less 50, presumably reflect- 
ing slower metabolic clearance. The pulsatility of GnRH 
secretion is important in the regulation of gonadotrophins 
as continuous exposure results in downregulation of the 
GnRH receptor. 

The gonadotrophins are in turn regulated by a series of 
feedback mechanisms. Testosterone inhibits LH and, to a 
lesser extent, FSH secretion from the anterior pituitary. 
FSH is further inhibited by inhibin secretion from the 
Sertoli cells. Oestradiol, which is formed in thé male from 
metabolism of androgens, inhibits gonadotrophin secre- 
uon by the pituitary. Opiates and prolactuin reduce the 
oscillatory activity of GnRH and thus decrease FSH and 
LH secretion and prolactin further inhibits the direct 
action of gonadotrophins on the testis. These various 
pathways are illustrated in Figure 21.7. 


EVALUATION OF TESTICULAR FUNCTION 


The laboratory evaluation of testicular function may be 
conveniently divided into assessment of spermatogenesis 
and assessment of endocrine gonadal function. 


Semen analysis is used in both the determination of male 
reproductuivity and the follow-up of treatment regimens 
for male subfertility. It must be noted that the wide 
interlaboratory variation and the marked variation in indi- 





Fig. 21.7 Hypothalamic-piruitary control of testicular function. 


vidual sperm output on a day-to-day basis often make 
accurate interpretation difficult. It 1s often more useful in 
clinical practice to assess the actual fertilization capacity 
of sperm in vitro. 

For semen analysis, a fresh semen sample is collected 
by masturbation into a wide-mouthed container and 
should ideally be analysed within 1 hour. The volume and 
viscosity of the sample is noted — normally the ejaculate 
should liquefy within 20 min. Determination of the pH of 
seminal fluid is useful in analvsing the relative proportions 
of seminal vesicie secretion (alkaline) and prostatic fluid 
(acid). The presence of fructose, which is secreted by the 
seminal vesicles, excludes an obstruction of the ejacula- 
tory ducts. 

Microscopically, sperm density, motility, viability and 
sperm morphology are assessed. Sperm density is reported 
as millions of sperm per millilitre; alternatively, the total 
sperm count may be given as millions per ejaculate, 

The WHO classification of motility is defined as: 


. rapid and linear progressive motility; 
. Slow or sluggish non-linear motility; 
. non-progressive motility; 

, immotile. 


à NN qe 


If the immotile spermatozoa exceed 60°%%, the proportion 
of live spermatozoa (viabiliry) can be assessed using stain- 
ing techniques. The percentage of dead cells should not 
exceed the percentage of immotile sperm. À large propor- 
tion of viable but immotile sperm may suggest structural 
defects in the flagellum. Reference ranges for semen 
variables are given in Table 21.4. 


> 2.0 ml. 
72-78 
> 20 x 10° sperm/mlL. 


> 40 x 10° sperm/emculate 

{a or b*) 

25% or more with rapid forwand 
progression (æ} at 60 run 

50% or more alive 

<1 x 10 cells/ejaculate 

> 13 umolejaculute 


“WHO chasficanon described in text 





Antbodies directed against spermatozoa and constitu- 
ents of seminal fluid have been described, in particular 
sperm-agglutinating or sperm-immobilizing antibodies, 
which may be associated with infertility. Evaluation of 
sperm — cervical mucus interactions is described elsewhere 
(p. 400). 


Determination of basal plasma LH and FSH concen- 
trations is à routine part of the assessment of the hypo- 
thalamo-pituitary-gonadal axis. As LH and, to a lesser 
extent, FSH are secreted in a pulsatile fashion, more accu- 
rate interpretation may be possible if serial samples are 
taken over a period of time, though in routine clinical 
practice the measurement of basal levels of LH and FSH 
with testosterone provides most of the information re- 
quired. Elevated gonadotrophins (outside the reference 
range) in the presence of a low testosteronc suggest pri- 
mary testicular failure and low or normal gonadotrophins 
associated with a low testostérone suggests a hypothalamo- 
pituitary disorder. It is important to recognize that any 
acute illness may cause a temporary hypogonadotrophic 
hypogonadism. Rarely, LH alone may be elevated with 
a low testosterone (the Sertoli-only syndrome) and in 
patients with abnormal spermatogenesis FSH may be 
raised with a normal testosterone, Ir should be remem- 
bered that pituitary and gonadal dysfuncrion may coexist, 
as in haemochromatosis, and in this situation both gona- 
dotrophins and testosterone are low, An hCG stimulation 
test (see below) may help diagnose this state. 

Since the isolation and characterization of GnRH, 
GnRH tests have been used in the evaluation of the go- 
nadal axis. GnRH promotes the release of LH and FSH in 
a dose-dependent manner with a peak at 20-30 min. Nor- 
mally, 100 ug is given intravenousiy and blood taken at 0, 
20 and 60 min (see Appendix (iv), p. 411). GnRH regu- 
lates both gonadotrophin synthesis and release and also 
self-regulates pituitary GnRH receptor density, so the 


GnRH test may theoreticaliy be a valuable index of both 
hypothalamic-pituitary function and the releasable pool of 
pituitary gonadotrophins, Nevertheless, the test does have 
some limitations. Prolonged GnkRH deficiency may lead 
to depleted pituitary stores of gonadotrophins, resulting 
in an iimpaired response to exogenous CmRH unless the 
pituitary is ‘primed' with chronic GnRH admirstranion 
for up to a week before the test. Furthermore, the GnRH 
test cannot distinguish between hypogonadotrophic hypo- 
gonadism and delaved puberty - rwo conditions in which 
a prepubertal response to GnRH 14 seen (poor gonado- 
trophin response with higher levels of FSH than LH). 
Fhus the GnRH test has limited use in chmical practice 
and provides no extra information above that grven by the 
méasurement Of basal levels of LH and FSH. The GnRH 
test may demenstrate that there are pituitary stores of LH 
and FSH by direcr stimulation of the pituitary, but this 
does not tell one about the ir ace function of the 
hypothalamo-pituitary axis, 

Stimulation tests with clomiphene citrate have also 
been used in the assessment of the gonadal axis in men 
(see Appendix (ü}, p. 410). À positive response to clomu- 
phene may help in diagnosis as it suggests that there is a 
normal hypothalamo-pituitary axis (clomiphene blocks 
testostérone and oestrogen feedback). However, the test 
5 usually negative and in dus situation 15 of hittle clinical 
value. It may be negative because of à structural abnor- 
mality at the level of the hypothalamus or pituitary or 
because the patient has low levels of testosterone and 
therefore clomiphene has litile effect. 


Levdig cell function 


Measurement of 9.00 a.m. plasma testosterone concen- 
tration by sensiave and reproducible immunoassays has 
sumplified the assessment of Levdig ccll function. Low 
concentrations are found in both primary testicular 
disease and disorders of the hypothalamic-pituitary axis 
with depressed gonadotrophin secretion. Elevated levels 
are seen in patients with gonadotrophin- or androgen- 
secreting tumours (eg. Levdig cell tumours), in whom 
gonadotrophin levels will be low, Basal gonadotrophin es- 
timaätions are again important, as an increase in basal LH 
and FSH above the reference range, in association with 
low testostérone levels, would suggest primary tesnicular 
dysfunction. 

In certain situanons when gonadotrophins arc low, 
simulation with hCG may be helpful in differentiating 
primary testicular failure from gonadotrophin deficiency 
(see Appendix (ii), p.411). This test is also useful in 
confirming the presence Of testicular tissue in crvpt- 
orchidism {see below) and in conditions in which there 
may be combined pituitary and testicular dysfunction, for 
example iron deposition in haemochromatosis or treated 
thalassaemis. 
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MALE HYPOGONADISM 


Male hypogonadism may result from cither primary tes- 
üicular failure, in whuch the testes fail to develop properly 
or are injured by disease or medical manipulation, or sec- 
ondary testicular failure due to hypothalamic or pituitary 
lesions (hypogonadotrophic hypogonadism). Hypogonad- 
ism results from developmental or acquired pituitary dis- 
case or a failure of hypothalamic GnRH secretion. Other 
syndromes resulting in hypogonadism include enzymatic 
defects in which hormonal synthesis 15 interrupted despite 
an intact hypothslamo-pituitarytesticular axis. 


Climioal fearures 


The physiological effects of testostérone have been de- 
scribed above (see Table 21.3). Prepubertal resticular fail- 
ure results in lack of sexual maturation with persistence of 
infantile genitalia and absence of pubic and axillary hair 
growth. Delayed epiphvseal closure results in the develop- 
ment of à eunuchoid habitus with increased arm span 
(more than 5 cm greater than height} and increased sole 
to pubic svymphysis length (more than 5 cm greater than 
pubic symphysis to head length). The reduerion in testo- 
sterone levels also results in dimmnished anabohsm and a 
decrease in normal male muscular development. 

Postpubertal onset of androgen deficiency is less obwi- 
ous and usually presents as decreased libido, impotence 
and infertility. There may be an associated decrease in 
growth of facial, pubic and axillary hair and a diminution 
in skeletal musculature. Gynaccomastia may occur as a 
result of an imcrease in the oestradiol-testosterone ratio 
(see below). Despite some reduction in testicular volume, 
the penis and prostate do not shrink and erecuions and 
orgasm may continue. Nevertheless, spermatogenesis 
requires testosterone and, even when able to cjaculate, 
severely hypogonadal males are azoospermic. 


Labaratory findings 


If both Levydig cell function and spermatogenesis are defr- 
cient, laboratory findings will be azoospermia, low testo- 
sterone concentrations and high gonadotrophins, Isolated 
seminferous tubule dysfunction results in a low sperm 
count and increased plasma FSH concentration, In hypo- 
vonadotrophic hypogonadism or secondary testicular 
failure, levels of LH and FSH are normal or low im the 
presence of low restosterone, Ît is important to remember 
that a level of LH or FSH falling within the lsboratory 
reference range may be inappropriately low for che level 
of testosteronc. 


Primary testicular failure 
Kinefelter”s syndrome 


In 1942, Klinefelter, Reifenstein and Albright described a 
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syndrome comprising eunuchoid stature, gynaccomastia, 
small testes and high urimary EFSH levels. Later, these 
abnormalities were found to occur in association with un- 
usual chromosomal karyotypes - usually 47XXY but oc- 
casionally other extra X states or mosaics (e.g. 48XXXVY/ 
46XY). À few patients are seen with a 46XX karyotype, 
with translocation of the male sex-detérmining gene from 
the Y chromosome to the short arm of the extra X. 

Levdig cell abnormalities, characterized by abnotmal 
mitochondria and endoplasmic reticulum, result in im- 
paired testosterone secretion, The low levels of testoster- 
one fail to activate negative feedback pathways, resuluing 
in increased LH levels. FSH levels are also increased, 
reflecting impairment of semmmiferous tubular function 
and decreased inhibin secretion., Patients are infertile and 
there is no treatment for this. 


Anorchia 


Complete absence of testes in à phenotypic male with 
40XY karvotype is known as anorchia. The presentation 
is that of complete castration with absence of secondary 
sexual charactenstics, low testosterone levels and high 
gonadotrophins. The condition should be differentiated 
from cryptorchidism as the undescended testis has a high 
frequency of malignancy {berween 12 and 30 times that of 
the normally descended testis). The restes may be palpa- 
ble in the inguinal canal or visualized radiologically in the 
abdomen. If doubt persists, an hCG test should be per- 
formed and if there 15 a rise in testosteronc then a further 
search including a laparotomy should be made and che 
testes removed to prevent malignancy. 


Defective hormones and hormone receptor failure 
Enzymatic defects 


Five enzvmes are responsible for the conversion of choles- 
terol to testostérone and defects in each of these enzymes 
have been reported. Enzymatic defects lead to pseudoher- 
maphroditism with rudimentary or absent Wolffian duct 
derivauves (seminal vesicles and ductus deferens) and 
ambiguous external genitalia, The uterus and Fallopian 
tubes do not develop because of the presence of MIF and 
thére 1s usually crvptorchidism. T'estosterone levels are 
low and stimulation with hCG results in elevation in levels 
of precursors proxima]l to the enzymatic block. 


Sa-Reductase déficiency 


Deficiency of St-reductase, which converts téstostérone 
to dihydrotestosterone (DAT), results in pseudoherma- 
phroditism. DHT 15 responsible for masculinization and 
normal levels are a prerequisite for the full development of 
the phallus, scrotum and prostate. In 5a-reductase def- 
ciencv, external genitalia at birth are ambiguous with a 
urogenital sinus, clitoral hypertrophy, bifid scrotum, blind 


vaginal pouch and inguinal or labial testes. Testosterone 
levels are normal, therefore Wolffian duct derivatives are 
found, as it is testostérone which is responsible for their 
development. 

At puberty, patients undergo vinilization with some 
phallic enlargement, development of male habitus and 
psychosexual onentation and descent of the testes — occa- 
sionally with normal spermatogenesis, This occurs either 
as a result of a massive increase in testostérone levels at 
puberty or by conversion of some testosterone to DHT if 
the enzyme deficiency is not complete. Patients may re- 
spond to very high doses of testosterone or, 1f peripubertal 
virilization is minimal, may be raised as inferuile fernales 
after removal of the cryptorchid testes. 


Feminisine restis condrome 


Complete resistance 1o testostérone, probably due to 
absence of or deficiencies in the DHT receptor protein, 
results in an apparently normal female phenotype with 
absence of pubic and axillarv hair, However, the uterus 
and Fallopian tubes are absent and testes may be found 
in the inguinal canal. Patents are generally genotypically 
46XY and the condition is transmitted as an X-hinked re- 
cessive trait. Testosterone, LH and FSH levels are normal 
or high. 5a-Reductase activity is normal and there are 
normal levels of dihydrotestosterone. Administration of 
supraphysiological doses of testostérone has no eflect on 
the generation of secondary sexual hair growth. 

AS patients are usually phenotypically female, with 
female sexual drive, treatment usually involves removal 
of cryptorchid restes with subsequent oestrogen replace- 
ment. Full sexual activity is usual, though of course the 
patients remain infertile. 


Reifenstein's syndrome 


Patients with Reifenstein's syndrome are generally pheno- 
tvpically male and have a normal 46XY karyotype. Af- 
fected imdividuals have marked hypospadias and undergo 
incomplete virilization at puberty, which is often associ- 
atcd with gynaecomastia. This syndrome was originally 
thought to be due to a nostreceptor defect resulting in 
androgen insensitivity, but recent evidence suggests that 
there is an abnormality in the androgen receptor itself, 
Levels of LH, FSH and testosterone are normal or high. 
Farmily pedigrees with various members affected accord- 
ing to an X-Hinked pattern have been described. 


Hypogonadotrophic hypogonadism 


Hypogonadism resulting from deficient secretion of pitui- 
tary gonadotrophins is known as hypogonadotrophic hypo- 
gonadism (Table 21.5). This may result from either 
congenital inherited abnormalities such as Kallman’s 
syndrome or isolated LH deficiency (fertile eunuch syn- 
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drome) or acquired conditions affecting the hypothalamic- 
pituitary axis, such as suprasellar tumours or destructive 
pituitary disease, In all these conditions, both plasma 
testosterone concentration and pituitary gonadotrophin 
levels are low. 


Kallman'”s syndrome 


Testosterone deficiency secondary to primary pituitary 
gonadotrophin failure may occur in the absence of pirui- 
tary or suprasellar tumours. There 1s often accompanying 
anosmia, sometimes with complete absence of the olfac- 
tory lobes, and occasionally other midline craniofacial 
developmental abnormalities, e.g. cleft lip and palate. 
Plasma LH and FSH concentrations are very low. The 
condition is transmitted either as an autosomal recessive 
or as an autosomal dominant trait with incomplete expres- 
sion. Clinically, patients with Kallman’s syndrome have 
scant secondary sexual development with absence of body 
hair, prepubertal penis and testicles, poor musculature 
and eunuchoid habitus, It is often impossible to distin- 
guish hypogonadotrophic hypogonadism from delayed 
puberty, although the presence of a family history, anos- 
mia or microgenitalia may give a clue. Early pubertal 
boys will respond to clomiphene citrate with a rise in LH, 
while this response is absent in hypogonadotrophic pa- 
tients. Often it is necessary to treat the patient to induce 
puberty and then stop at a later stage. It is, of course, 
important to exclude pituitary or suprasellar tumours by 
imaging (CT scan or MR). 


Fertile eunuch syndrome 


Selective, isolated LH deficiency was described by 
McCullough in 1953, who coined the term “fertile eu- 
nuch syndrome”, These patients have low LH levels but 
normal FSH levels and are capable of ejaculating a low 
semen volume with normal spermatozoa. Levydig cell 
function is unimpaired and patients respond to hCG in- 
jection, but testosterone levels are not sufficient to induce 
full virilization. Treatment with hCG or testosterone is 
usually successful. 
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Treatment of hypogonadism 
Primary resticular failure 


Testosterone replacement remains the mainstay of 
treatment. Testosterone may be given by intramuscular 
injections of long-acting esters every 2-4 weeks. Oral pre- 
parations have, in the past, been unsatisfactory because 
of poor absorption and hepatic complications (cholestatic 
jaundice and hepatomas), but testosterone undecanoate 
appears to be free of significant adverse effects (although a 
tendency to cause gastrointestinal upsets means that com- 
pliance may be a problem). A third delivery regimen 
involves subcutaneous implantation of pellets which can 
normalize testosterone levels for up to 6 months. 


Hypogonadotrophic hypogonadism 


Even in the presence of diagnostic uncertainty, there is no 
benefit in withholding testostérone replacement treatment 
beyond the mid-teens. In prepubertal males, testostérone 
can be used to induce masculinization. Testosterone can 
be given for 6 months to induce virilization and the treat- 
ment regimen then curtailed. Most boys with delayed pu- 
berty (no pubertal development after the age of 14 years) 
will proceed normally through adolescence, whereas per- 
sistently low LH and testosterone levels would suggest a 
diagnosis of hypogonadotrophic hypogonadism and treat- 
ment with testostérone can then be reintroduced. If fertil- 
ity is desired, treatment with hCG for 6 months followed 
by hCG and human menopausal gonadotrophin (hMG) 
can be instituted, The addition of RMG to supply FSH 
activity will usually induce a good quality ejaculate which 
is quite capable of resulting in conception despite a rela- 
uively low sperm count (1-20 million per mL). An alterna- 
tive treatment is with small puises of GnRH delivered via 
a programmed pump, mimicking physiological GnRH 
pulsatility. Although rather cumbersome, this regimen is 
effective in inducing LH, FSH and testosterone secretion 
and can result in adequate spermatogenesis, Long-acting 
GnRH analogues are ineffective as they bind to GnRH 
receptors protractediv, resulting in desensitization of the 
gonadotroph and hypogonadism. 


GYNAECOMASTIA 


Excessive development of the male mammary glands with 
increases in both stromal and glandular tissue (gynaeco- 
mastia) accounts for approximately 70% of male breast 
disorders. In the male, breast development may vary from 
a small subareolar button of tissue to florid breast devel- 
opment with femimization of the nipple and associated 
breast tenderness. 

Gynaecomastia may occur in neonatal life, when it is 
usually transient and caused by transplacental transfer of 
maternal oestrogens into the fetal bloodstream. During 
puberty, gynaecomastia of some degree may occur in up 
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to 60% of adolescent boys and this may reflect normal 
physiological development with spontaneous regression 
after 12-18 months. 


Causes of gynaecomastia 


Physiological gynaecomastia during puberty probably 
occurs as a result of the change between oestradiol and 
testosterone levels — in normal early puberty, oestradiol 
levels are high in comparison with testosterone and this 
increased oestradiol-testostérone ratio can induce breast 
development. 

Pathological causes of gynaecomastia can be broadly 
divided into endocrine, tumoral and metabolic (Table 
21.6). Several drugs have also been implicated in the 
development of gynaecomastia (Table 21.7). 


Investiganion 


A full drug history and a careful physical examination are 
essential, with particular reference to the testes, thyroid, 
liver, lungs, cardiovascular system and nutritional status. 
A suggested schedule for the investigation of gynaeco- 
mastia is illustrated in Figure 21.8 and the interpretation 
of endocrine tests in Table 21.8. 








Fig. 21.8 Investigation of gynaccomastia. 


IMPOTENCE 

Erectile impotence is defined as the inability to achieve 
and maintain a penile erection of sufficient quality to per- 
mit penetrative intercourse. In practice, the commonest 
physical cause of impotence is diabetes mellitus — some 
50% of diabetic males will become impotent after the age 
of 50. Endocrine causes include hypogonadism (primary 
or secondary), hyperprolactinaemia and thyroid disease. 
Other causes are summarized in Table 21.9. 

À psychogenic aetiology is suggested by a history of 
early morning or sleep erections or full érection on mas- 
turbation or with other partners. Treatment with certain 
drugs can result in impotence — these are summarized in 
Table 21.10. 


Investigation 

The initial history and examination is of great importance. 
Reduced frequency of shaving, reduced libido, small tes- 
tes and regression or lack of secondary sexual characteris- 
tics suggests hypogonadism. Testicular tumours may be 
palpable and visual field assessment and radiology of the 
brain and skull should be carried out if there is a possibil- 
ity of pituitary tumour. À full neurological and cardio- 
vascular examination is essential. Further evaluation may 
be divided into biochemical investigation, evaluation of 
vascular causes and neurogenic causes (Table 21.11). 
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À number of techniques are available for the investiga- 
tion of vascular causes. The intracavernosal injection of 
papaverine and phentolamine results in an increase in 
intracavernosal blood flow and a reduction in the resist- 
ance to venous filling (as a result of smooth muscle relaxa- 
tion). This results in an erection in approximately 75% 
of males. An inadequate response suggests significant 
vascular pathology. 

Alternatively, arterial blood pressure may be recorded. 
Penile systolic blood pressure is measured with a Doppler 
stethoscope and recorded as a ratio to that of the brachial 
artery. Low penile-brachial ratios (<0.,6) suggest an 
arterial cause for impotence. Continuous arterial blood 
pressure recordings can be achieved using a small cuff 
around the base of the penis attached via a transducer 
to a recorder. If the arterial supply is impaired, the record- 
ing will show small amplitude pulses with abnormal 
waveforms, 

Normal men experience nocturnal erections during 
rapid eye movement (REM) sleep and their absence sug- 
gests an organic cause for impotence. Nocturnal tumes- 
cence testing is ideally carried out in a sleep laboratory 
and should be repeated on three or more occasions to 
minimize false positives. 

Other techniques include phalloarteriography and cav- 
ernosography, but a detailed discussion of these is beyond 
the scope of this book. 

Techniques for the investigation of neurological causes 
include biothesiometry, which is a simple test of afferent 
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sensory function. An electromagnetnic test probe is placed 
on the penile skin in various sites and the intensity of 
vibration increased until it is perceived by the patient. The 
degree of vibration required for perception can be com- 
pared with other sites on the pauent’s body. 

More elaborate and specific techniques are only avæl- 
able in specialized centres, Tests such as the bulbocaver- 
nosus reflex latency measurement (which assesses the whole 
réflex arc) and pudendal nerve somatosensory evoked 
potential tests (which assesses the pathway between the 
sensory nerve ending and the cortex) may be useful in 
screening, but will not localize pathology. 


Treatment of erectile impotence 


Various treatment methods for impotence have been 
assessed, including psychosocial counselling, oral drugs, 
penile prostheses, self-injection with smooth muscie relax- 
ants (eg. papaverine) and mechanical vacuum tumés- 
cence aids. 

Oral agents include the ©.-adrenoceptor blocker vohim- 
bine (which is not available in the UK} and the dopa- 
mine receptor agonmists apomorphiné and bromocriptine. 
Studies suggest that vohimbine may be effective in up to 
25% of patents with psychogenic impotence and about 
15% of patients with impotence of mixed aetiology. 

Penile prostheses, either semirigid or malleable rods 
inserted into the corpora or self-inflatable prosthetic 
devices, have been used with varying degrees of success. 
Local injection, mechanical failure and the length of 
NHS waiting hsts have resulted in diminished use of this 
treatment option. 

Self-injection of papaverine can result in successful 
erections in patients without a vasculogenic cause of 
impotence, The injecuon method needs to be adequately 
taught and should not be used more than once a week ro 
reduce potential side-effects of corporeal fibrosis and pria- 
pism. More recently rwo types of vacuum tuméscence ads 
have become available — ErecAid, which maintains tumes- 
cence by application of a constniction band, and Synergist, 
which requires the condomlike device to remain ve situr. 
These devices have been successfully employed in a 
number of patients. 


CONCLUSION 


While much has been learned over the past decade about 
human reproductive function and its abnormalities, many 
questions remain unanswered. On the female side, the 
process whereby a single dominant follicle emerges during 
each menstrual cycle is uncertain, as is the pathogenetic 
mechanism which gives rise to polycyetic ovary syndrome. 
On the male side, conventional sémen analysis appears 
increasingiy to have limited power in predicting the ferti- 


lhizimg capacity of sémen. In both males and females, a 
cause for infertiliry may not become apparent despite ex- 
tensive investigation, It is likely that the increasing appli 
cation of assisted conception techniques will cast new 
light on thése areas over the next decade. 


APPENDIX: PROTOCOLS FOR ENDOCRINE 
INVESTIGATIONS 


(i) Congenital adrenal hyperplasia — stimulation 6f 
17c4-hydroxyprogesterone 


Perinatal diagnosis of congenital adrenal hyperplasia can 
be confirmed by a single assay of 17&-hydroxyproges- 
térone (17-OHP) in à capillary blood sample, In less clear 
CUT Cases, it 15 often necessary to measure levels of 17- 
OHP before and following stimulation. Consequentiy, 
17-OHP levels are measured before and 60 min after an 
intravenous imection of 0.25 mg of ACTH, The expected 
values 1 h after ACTH are as follows: 


3-50 nmol/L 
6-44 nmoll. 


Unaftected adults 

Heterozygotes {or 21-hydroxylase 
deficiency 

Patients with mild 21-hydroxylase 63-470 nmoVL 
deficiency 


For further details of the diagnosis of heterozygotes and 
the late-onset form of 21-hydroxylase deficiency, see New 
et al 1983 (below). 

Recentiy a similar test assessing both the ACTH and 
17-OHP responses to corucotrophin-releasing factor (CRH) 
has been described. This test can also distinguish classic 
cases from late-onset congenital adrenal hyperplasia. 
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(ii} Clomiphene test 


The clomiphene test may be helpful in distinguishing 
gonadotrophin deficiency from weight-related hypogonad- 
ism and idiopathic delayed puberty. Side-effectrs include 
visual disturbances, symptoms of oestrogen deficiency 
and depression, which may be severe enough to warrant 
discontimuation of the test. 

Clomiphene (3 mgkg/day to à maximum of 200 mg/ 
day) is given in divided doses for 7 days. Serum LH and 
FSH aâre measured on davs 0, 4, 7 and 10 and in females 
progesteronc levels (to confirm ovulation) are assessed on 


day 21. In a normal response LH and FSH rise to outside 
the reference range or to double the basal values. À lack 
of response suggests gonadotrophin deficiency due to 
pituitary or hypothalamic disease, Patients with anorexia 
nérvosa may show no response. Prepubertal children show 
no response and children in early puberty may actually 
show a reduction in gonadotrophin levels during the test. 
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(ii) hCG stimulation test 


In the differential diagnosis of male hypogonadism, a 
stimulauon test with human chorionic gonadotrophin 
(hCG) mav be useful. There are no specific precautions 
and the test does not have to be carried out after fasting. 

hCG is injected im. in a dose 0f 2000 Lu. on days 0 
and 2 and serum téstosterone measured on days 0, 2 and 
4, À normal response is defined as a rise in serum testo- 
sterone 10 above the reference range. À failure of any rise 
in testosteronc suggests an absence of functioning testicu- 
lar tissue. [f the testes are not palpable in the scrotum or 
inguinal Canals, a rise in testosterone suggests the pres- 
ence of intra-abdominal testes. In gonadotrophin defi- 
ciency with normal testes, the low basal restosterone level 
should triple after hCG. 
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(iv) stimulation test 


In the investigation of gonadotrophin deficiency, assess- 
ment of the responses to exogenous gonadotrophin releas- 
ing hormone (GnRH) may be useful, There is no need for 
the patient to fast unless the test is being combined with 
assessment of other anterior pituitary hormone responses 
to insulm-induced hypoglycaemua. 

GnRH 100ug is gven intravenousiy at time 0 and 
samples taken at O0, 20 and 60 min. Normally LH and 
FSH levels both rise, though the degree of increase 1s de- 
pendent on individual laboratories, The peak response 
may be seen at either 20 or 60 main. 

The interpretation of the GnRH test is largelv based 
on the basal values. In à patient with delayed puberty, a 
normal response or a response in which the LH peak 
is greater chan that of FSH suggests that the partent 15 
about to go into puberty. The response to GnRH may be 
suppressed by intervening 1liness. 
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CHAPTER 





Pregnancy, oral 
contraception and 


hormone replacement 


therapy 


R. Bradley and D. Crook 


[INTRODUCTION 


Pregnancy is associated with marked hormonal changes 
in the matemal circulation which facilitate the metabolic, 
vascular and immunological adjustments necessary for 
the fetus to thrive. Abnorrmal concentrations of these hor- 
mones, or of other plasma constituents of fetoplacental 
origin, may indicate gestanional pathology. The metabohic 
changes associated with pregnancy arc relanvely short 
Hved and thus are rarely harmful to the healthy mother. 
Conversciv, the administration of exogenous sex stérmids 
to the non-pregnant woman, often involving prolonged 
exposure at non-physiological doses, may induce bio- 
chemical changes with porentially harmful consequences. 
This chapier reviews the diagnostic and pathological 
potential of the biochemucal changes observed in these 
situations. 


PREGNANCY 


Prior to the widespread availability of high resolution 
ultrasound scanning, the diagnosis of early pregnancy 
failure (such as spontaneous abortion and ectopic preg- 
nancy}, of fetal malformation and fetal growth distur- 
bances rehed solely on chimical evaluation backed by blood 
tests on the mateérnal circulation. Although these indirect 
and often inaccurate methods have largely been replaced 
by ultrasound technology, biochemical assays still form an 
important part of the screening of many pregnanciés. 


Biochemical diagnosis of pregnancy 
Human chonanc goenadotrophin 


Human chonomc gonadotrophin (hCG)} can be détected 


in maternal blood 7-9 days after conception and in urine 
1-2 days later. The Biochemical diagnosis of pregnancy is 
routinely made by the detection of BhCG using a latex 
agglutination technique detectng concentrations > 200 1.u./ 
L, while a monoclonal antibody enzyme immunoassay will 
detect concentrations as low as 50 Lu./T. The concentra- 
ton of BhCG in normal pregnancy rises steeply to a peak 
at 10 weeks’ gestanion and then falls and remains at a 
lower concentration for the remainder of pregnancy. This 
fall at the end of the first trimester is peculiar to BhCG, as 
concentrations of the other chemical products of the 
fertoplacental unit rise with increasing gestation. 

Highly sensitive assays have shown BhCG to be present 
at low concentranons (<5 Lu/L} prior 16 conception. 
Thus, the brochemical diagnosis of pregnancy should per- 
haps onis be made when BhCCG concentrations exceed 
25 Lu/L or 1 s lower concentration doubles within 2 
davs. In cases where exogenous hCG has been given to 
nmduce ovulation, BhCG estimations should be delayed by 
up to 14 davs to allow clearance of the admimisrered RCG. 

The rising concentration of BhCG with gestation has 
been advocated as a means of estimating gestation in cases 
with uncertain dates, However, the variability in BhCG 
concentrations and the accuracy of ultrasound dating re- 
suit in BhCG having no clinical value in establishing the 
duration of gestation. 

Routine screening of carly pregnancy has been advo- 
cated in order to make the early diagnosis of pregnancy 
failure, but che benefits of this approach have ver 10 be 
assessed, There are numerous studies of BhCG estimation 
in carly prégnancies complhicated by bieeding. In these 
studies, without the use of ulrrasound scanning, the posi- 
tive prédictive value of non-viable pregnancy was greater 


413 


414 CLINICAL MOCHEMISTRY 


than 60%, abnormally low concentrations of BRCG corre- 
lating well with poor outcome, However, up to 30% of 
women with normal BhCG concentrations still lost the 
pregnancy, this being mains accounted for by the fact 
that fhCG concentrations in cases with blighted ova are 
frequentiy normal. 

The use 6f quantitanwe BhCG estimations has been 
advocated in the diagnosis of ectopic pregnancy (see 
below). À low-for-gestation concentration of BhCG with 
no intrautérine pregnancy on ultrasound would prompt 
admussion to hospital and a repeat BhCG in 48 h. In nor- 
mal pregnancy the concentration would have doubled and 
a subnormal rise should be investigated by laparoscopy. 
The advent of highly sensitive BhCG kits and the ability 
of ultrasound to detect an intrauterine sac a week after 
the muissed period and the fetal heart a week later has 
made the serial measurement of fhCG concentrations 
unnecéssary in thé diagnosis of éctopic pregnancy. 

À review of over 20 studies which have attempted to 
correlate BhCG concentrations in late pregnancy with 
birthweight, Rhesus sensitization, diabetes and Apgar score 
at birth concluded that this approach is disappointing. 
One study reported that abnormal BhCG concentrations 
in late pregnancy only predicted 15% of small-for-dates 
babies and 13%% of cases of fetal distress. 

Apart from its place in the diagnosis of pregnancy, the 
other well-established role for BhCG estimation 1s in the 
diagnosis and monitoring of gestational trophoblastic dis- 
case, The diagnosis 18 usually made ultrasonographicaily 
or histologically after an episode cf vaginal bleeding in 
carlky pregnancy, though may present after a term preg- 
nancy when persistentiv high concentranions of BhCG 
may help in making the diagnosis, After che uterus has 
been surgically evacuated, persistence or recurrence of 
the condition 15 monmitored by serial quantitative BhCG 
assays. Similarlv, the response of choriocarcinoma 10 
chemotherapy may be momitored in à similar fashion. 

BhCG estimation may also play a part in screening for 
Down'’s syndrome {sec below). 


Schanverchafisprotein EL CSP) 


SP1 is a muxture of glycoproteins of placental origin. 
Isolated over 20 years ago, a physiological role for this 
fraction has vet 10 be defined, Assay of SPI has been pro- 
posed as a method of derermining gestational age in early 
pregnancy, although the relationship between SPI and 
gestational age may not be as close as onigmally thought. 
In addition, the estimation of SP] concentrations in the 
prediction of pregnancy outcome in cases of threatened 
abortion and the diagnosis of ectopic pregnancy has not 
proved to be clinicaily useful. 


Pregnancv-associated plasma protein A (PAPPA) 
Pregnançcy-associared plasma protein À (PAPPA) is a large 


molecule thought to play à part in immunosuppression in 
carly pregnancy, complement inhibition and coagulation 
changes. The concentrarion of PAPPA rises throughout 
pregnancy, but whether the source is placental or decidual 
or both is unclear, 

In cases of threatened abortion confirmed by ultra- 
sound scanning, PAPPA estimation seems superior to 
other biochemical tests in predicting the outcome, In 
éctopic prégnanciés with normal hCG concentrations, 
PAPPA concentrations have been reported to be <onsist- 
entiv low, If these observations are confirmed, estimation 
of PAPPA may prove useful as an adjuvant test in the 
diagnosis of ectopic pregnancy, However, it is worth 
ermphasizing that the currently employed combination 
of qualitative hCG estimation and high resolution ultra- 
sound examination is now so precise that further biochemi- 
cal tests are unlikely grearly to improve the diagnostic 
aCCUracy In CCIOPIC P'ÉSNANCy. 


Diagnoss of ectopic pregnancy 


The incidence af ectopic pregnancy appears t0 be increas- 
ing, making accurate diagnosis of this condition incress- 
ingly important. The symptoms and signs are notoriously 
variable and definitive diagnosis sul depends on lapar- 
oscopy. However, use of additional tests may help reduce 
the number of ‘unnecessary’ laparoscopies. 

ÂÀs already discussed, there exist a variety of biochemi- 
cal tests for pregnancy, with monoclonal antibody tests 
for blood or urinary BhCG being the most commonis em- 
ploved. When the test is positive and an ectopic pregnancy 
is suspected, a quantitauive plasma BhCG assay has been 
advocated, If the plasma BhCG concentration is above 
3000 1.u./L. then the imtrauterine sac in a normal pregnancv 
can be readily visualized by transsbdominal ultrasound 
while the use of transvaginal ultrascund enables the diag- 
nosis of intrauterine pregnancy at plasma BhCG concen- 
trations of only 1000 Lu.fL. The absence of a sac in these 
circuméstances makes an ectopic pregnancy likely and 1s 
thus an indication for laparoscopy. Thé rate of incréase in 
plasma ShCG concentrations may provide extra useful 
information. In normal pregnancy these double every 2 
days, while the rise in éctopic pregnancy is m general less. 

In rouune clinical pracuice the diagnosis of ectopic 
pregnancy depends on a high index of suspicion, qualita- 
tive BRCG pregnancy tests, pelvic ultrasound (preferably 
transvaginal} and, when indicated, laparoscopy. 


Biochemical monitoring of pregnancy 
Spontanecous abortions 


Many studies have reported low concentrations of various 
hormones and placentai protéins in cases of early sponta- 
neous abortion. However, these studies have often béen 


performed after the onset of bleeding and may have been 
the result, rather than the cause, of the pregnancy failure. 
Plasma progesterone concentrations have similarly been 
reported to be low in these circumstances, but administra- 
tion of progestogens to women with threatened abortions 
has not been shown to prevent pregnancy loss. 

A deficient corpus luteum before conception has been 
defined as one where the plasma progesterone is below 
normal and the luteal phase endometrial histology is more 
than 2 days different from that expected for the day of 
the cycle. This phenomenon has been reported in up to 
35% of recurrent aborters referred to a specialist clinic 
and those with the lowest plasma progesterone concentra- 
ons were most likely to subsequently abort. Again, the 
use of progestogens does not prevent spontaneous abor- 
ton in these women and may even decrease the plasma 
progesterone concentration. The mechanism of this ac- 
tion is unclear, but may reflect a negative feedback from 
the exogenous steroid. Controversy also exists regarding 
the possible teratogenic effects of these drugs. 


Screening for fetal malformation 


Prior to the widespread availability of high resolution 
ultrasound scanners, maternal biochemical screening 
formed the basis for the antenatal detection of fetal mal- 
formation. To some extent ultrasound has made this 
screening less important, but these tests may focus atten- 
tion on the high-risk pregnancy so that the appropriate 
diagnostic procedure can be performed. 
Alphañfetoprotein (AFP) Alphafetoprotein, first de- 
scribed in 1956, is one of the two major proteins in the 
fetal circulation. The AFP concentration in fetal plasma 
greatly exceeds that in liquor and maternal plasma 
(Fig. 22.1). Thus, even minor leakages from the concep- 
tus result in readily detectable rises in maternal plasma 
AFP concentration. This forms the basis of routine mater- 
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Fig.22.1 Changes in alphafetoprotein (AFP) concentrations with 
gestation in maternal and fetal plasma and ammiotic fluid liquor, 
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| sp 2 0 up to 30% of cases 


Threatened/missed abortion - approximately 1% at 16 wecks 
| Neural tube defects - between 5 and 10 per 10 000 births 
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Bilateral renal agenesis — 0.2 per 10 000 births 
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England and Wales and are lower than the incidence at the time of 
AFP screening 


nal plasma AFP screening in the second trimester for 
a range of fetal malformations (Table 22.1). However, 
several situations can give rise to false positive results, 
most important of which is an incorrect estimation of 
gestational age, as maternal plasma AFP rises steeply at 
16-20 weeks (Fig. 22.1). 

Attention has been focused on those pregnancies 
with high maternal plasma AFP concentrations at 16-20 
weeks’ gestation where fetal malformation is excluded by 
ultrasound examination. Associations between raised ma- 
ternal plasma AFP and ‘poor fetal outcome’ have been 
widely reported. However, most studies have shown a 
positive predictive value for low birthweight of less 
than 35%. Thus, it would appear that maternal plasma 
AFP screening in the second trimester is unlikely to be 
a chnically useful predictor of low birthweight in later 
pregnancy. 

Diagnosis of fetal genetic abnormality While 
ultrasound will diagnose the majority of significant struc- 
tural fetal anomalies, most genetic disorders cannot be 
diagnosed by this means and require tissue sampling tech- 
niques to identify the affected fetus. The majority of these 
procedures are performed for fetal karyotyping, but de- 
spite the increasing use of tissue sampling techniques such 
as amniocentesis and chorionic villus sampling (CVS) 
over the last 20-30 vears there has not been a significant 
reduction in the birth incidence of infants with abnormal 
karyotypes. The commonest selection criterion for the 
use of these diagnostic techniques is maternal age, as the 
incidence of fetal trisomies increases with maternal age. 
However, only 30% of Down'’s syndrome babies and 15% 
of those with other often more severe karyotypic abnor- 
malities are born to women aged over 35 years. Thus it 
has become evident that other methods must be employed 
to identify the pregnancy at risk of chromosomal anomaly 
(see below). 

Maternal biochemical screening (‘triple test’) 
Screening for Down's syndrome in the past has depended 
entirely on maternal age and past history and has resulted 
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in some form of invasive tissue sampling being offered to 
essentially all mothers over a locally agreed age, usually 35 
years. Disappointingly, this approach has not resulred in 
a decrease in the number of infants born with the syn- 
drome, despite approximately 3% of all pregnant women 
being sampled. This is because, although the risk of 
trisomy 21 increases with maternal age, 70% are born to 
women below the age of 35. In addition, many women 
over 35 decline the offer of invasive tissue sampling 
because of the risk of miscarriage. 

The observation in 1984 that maternal serum AFP 
(MSAFP) concentrations were lower in the presence of 
fetal Down'’s syndrome than in unaffected pregnancies led 
to its use in screening for this condition. Subsequently 
maternal plasma concentrations of BhCG were found to 
be elevated and unconjugated oestriol concentrations de- 
creased when the fetus had Down's syndrome. The assay 
of these substances in maternal plasma at around 16 
wecks’' gestation has become known as the ‘triple test’ and 
in combination with maternal age and weight, gives a risk 
score of the fetus having Down's syndrome. 

The chosen cut-off for a ‘positive’ screen will govern 
the detection and false positive rates. À commonly chosen 
cut-off is a tmipie test resuit representing a risk of 1 in 250 
or more, corresponding approximately with the risk for a 
maternal age of 35 years alone, At this cut-off there is a 
detection rate of 61% and a false positive rate of 5%. If 
only MSAFP and hCG concentrations are used, there is a 
7% false positive rate to achieve the same detection rate, 
but with a consequent saving on oestriol assays. However, 
these results will obviousiy only apply to those women 
who have the screening test and proceed to amniocentesis 
for a ‘positive’ result. 

Thus maternal biochemical screening is not diagnostic 
of the condition, but allows a better selection of a high- 
risk group (to whom amniocentesis may be offered) than 
use of maternal age alone. Prospective trials are under way 
to evaluate the usefulness of ‘triple testing’ for Down’s 
syndrome in routine antenatal care. Another problem 
is that the older woman is also at increased risk of other 
more serious trisomies which may not be detected by 
biochemical screening. 


Fetal tissue sampling techniques 


The prenatal diagnosis of many chromosomal and genetic 
abnormalities requires tissue sampling. There are a variety 
of techniques available but, with few exceptions, if a test is 
available for the condition under investigation any of the 
methods of sampling may be employed. The difference 
between the techniques is primarily the gestation at which 
the test may be performed and the delay berween sam- 
pling and the result (Table 22.2). The list of inherited 
genetic disorders that may be diagnosed by DNA studies 
is growing rapidiy. However, in many cases the disease is 
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not due to a single gene abnormality or the gene probe is 
relatively non-specific and family studies may be necessary 
to evaluate the individual case to assess their suitability 
for prenatal diagnosis (e.g. chorionic villus sampling for 
B thalassaemia). 


Chononmc villus sampling 
As the fetus and the placenta both develop from the 
same early blastocyst their genetic make-up is identical in 
the vast majority of cases, Thus, chromosome and DNA 
analysis of the placenta (chorionic villi) will provide infor- 
mation about the fetus. The postprocedure spontaneous 
miscarriage rates for transabdominal and transcervical 
CVS are comparable at approximately 2,5%, not signifi- 
cantly different from the background rate of loss. 
Potential sources of diagnostic inaccuracy from CVS 
are maternal cell contamination and placental mosaicism. 
In practice, the reliance on tissue culture rather than 
direct preparations results in no loss of diagnostic accu- 
racy from these theoretical problems. Although the use of 
ussue Culture does result in a delayed result (from 72 
hours to approximately 2 weeks) this 1s of little signifi- 
cance in terms of the management options available when 
an abnormal result is obtained, 


Ammiocentests 


Tradivionally, amniocentesis has been performed at 16 
wecks’ gestation, an inheritance from an era when ultra- 
sound was not uniformly emploved to guide samphing and 
it was believed that successful cell culture was not possible 
before this gestation. The result is available 2-4 weeks 
later and the associated fetal loss rate is approximately 
1%. 

As a result of the late gestation at which the result 
becomes available, earlier amniocentesis is currently 
under investigation. The technique is the same but may 
be employed from 10 weeks’ gestation (fetal crown-rump 
length greater than 35 mm), 1 mL of liquor being aspi- 
rated for each week of gestation. Preliminary data suggest 
that the safery and diagnostic accuracy of this method are 
comparable with CVS, though neonatal follow-up 1s still 
in progress. 


Fetal blood samphng 


Fetal blood may be obtained from 19 weeks’ gestation 
by cordocentesis, an outpatient procedure which does not 
require maternal sedation or the use of fetal paralysis. 
After visualization of the umbilical cord insertion into the 
placenta by real-time ultrasound, the chosen site of entry 
on the maternal abdomen is infiltrated with local anaes- 
thetic down to the myometriumn. The needle is inserted 
into the umbilical cord transplacentally or transamnioti- 
cally, according to the position of the placenta (Fig. 22.2). 
The fetal loss rate after cordocentesis is approximately 
1%. 

Fetoscopy is rarely used at all now due to the increased 
accuracy of ultrasound for diagnosis of structural fetal 
malformations and the introduction of cordocentesis 
and other methods of ultrasound-guided tissue sampling. 
Fetoscopy requires hospitalization and maternal sedation 
and carries an unacceptably high risk of miscarriage and 
membrane rupture due to the large diameter of the instru- 
ments inserted into the uterus. 

The advantage of fetal blood sampling is that results 
are generally available more quickly than with the afore- 
mentioned methods and some diagnoses may only be 
made with an acceptable degree of accuracy from fetal 
blood. In addition, fetal well-being may be directly as- 
sessed by the mcéasurement of blood gases, pH and lactate 
in cases where fetal compromise is suspected from non- 
invasive studies (e.g. abnormal fetal umbilical artery 
Doppler flow velocity waveforms in intrauterine growth 
retardation). 





Chorionic villus 
sampling Cordocentesis 


Fig. 22.2 Ulrrasound-guided tissue sampling sites used during 


PREGNANCY, CONTRACEPTION AND HRT 417 


Biochemical monitoring of fetal well-being 


The widespread availability of ultrasound-based bio- 
physical tests of fetal well-being has resulted in a marked 
decline in the use of biochemical tests of fetal well-being, 
except for a few clinical situations. 


Ammiotic fluid 


The analysis of amniotic fluid is now less commonly em- 
ployved in the assessment of fetal well-being. Amniotic 
fluid AFP and acetylcholinesterase concentrations are 
clevated in different proportions when the ferus has a neu- 
ral tube or abdominal wall defect. However, the general 
availability of ultrasound to make a definitive diagnosis 1s 
making the miscarriage rate associated with amniocentesis 
unacceptable in this situation. 

Fetal lung maturity may be assessed by the ratio of 
lecithin to sphingomyelin (with a ratio greater than 2 
indicating maturity), but a more accurate indicator is the 
presence of phosphatidyl glycerol. The analysis of amni- 
otic fluid is less frequently used when deciding on preterm 
delivery of the at-risk fetus due to improvements in the 
care of neonates with hyaline membrane disease, the 
administration of antenatal steroids to mothers in order 
to accelerate lung maturity and to the introduction of 
more sensitive and specific biophysical methods of assess- 
ing fetal well-being, 


Oestrogens 


In the past much attention has been focused on the use of 
maternal oestrogen assays in the assessment of fetal well- 
being, the most commonly employed being blood or urine 
concentrations of oestriol. Despite this, controlled studies 
of the value of oestrogen assays have failed to demonstrate 
an improvement in perinatal outcome. 


Human placental lactogen (hPL) 


Although the value of hPL measurement as a screening 
test for fetal well-being is unclear, it has been suggested to 
be useful as a diagnostic test in high-risk pregnancy. How- 
ever, the evidence for this is based on one randomized 
intervention study and this study has been criticized. In 
practice, the use of hPL estimation has declined markedly 
with the widespread use of ultrasound in the evaluation 
of the high-risk pregnancy. 


Urate 


Elevated plasma urate concentrations may be found in 
pregnancy-induced hypertension as a reflection of im- 
paired renal tubular function and tend to precede the 
development of proteinuria. The reported upper limits of 
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normal (rwo standard deviarnions above the mean) at 16, 
28, 32 and 36 weeks’ gestation are 0.28, 0.29, 0.34 and 
0,38 mmol/L, respectively. Although an clevated urate may 
identify the hypertensive patient who is likely to develop 
true pre-eclampsia, the finding is non-specific and may 
be due to renal disease, diuretic therapy or, rarelv. gout. À 
plasma urate above 0.35 mmol/L identifies a group with 
a 10-fold increase in perinatal mortality. However, this 1s 
mainly in the group of patients already identified as hyper- 
tensive in the antenatal clinic and who require very pre- 
term delivery for fulminating pre-eclampsia. In addition, 
in these cases it 15 rare that à biochemical abnormality 1s 
the final indication for delivery. Thus, although elevarions 
in uric acid corrélate well with the severity of the renal 
lesions found on renal biopsy, measurements of urate are 
of little pracucal value in the diagnosis or management of 
hypertensive diseases in pregnancy. 


Intrapartum fetal monitoring 


The widespread use of fetal heart rate (FHR) monitoring 
in labour resultect in an increase in the number of opera- 
tive deliveries, frequently deliverning a néonate without any 
sign of asphyxia. Às a result, fetal scaip blood sampling 
was introduced in order to improve the specñcity of FHR 
monitoring. À variety of studies have demonstrated that, 
when interpreung FHR patterns, vanability and accelera- 
tions are the features that correlate most closely with fetal 
scalp pH or lactate concentration. The presence of normal 
variability or accelerations is indicative of normal oxygen- 
ation, whereas the presence of reduced variability or de- 
celerations makes acidosis more hkely, Although there 
is good evidence that continuous FHR monitoring can 
detect a low fetal pH, acidosis, especially in well-grown 
term fetuses, does not correlate well with fetal death or 
cerebral injury. Indeed, a number of studies suggest that 
only 8-15% of cases of cerebral palsy are associated with 
events occurring during labour and even in these cases the 
link is not proven as cCausal. 

Continuous monitoring of fetal scalp pH and gases is 
currently under investigation, but to date technical diff- 
culues with the equipment preclude its use in routine 
practice. The use of pH is preferable to PO, or oxygen 
content because the fetus may tolerate low PO. values for 
some time before tissue hypoxia and thus acidosis occurs. 
Assessment of cardiotocograph abnormalines and condi- 
tion at birth indicates that the fetus is compromised only 
where acidosis has occurred. 


Biochemical changes during pregnancy 


Pregnancy is a major endocrine event in the female life- 
span, imvolving wide-ranging and often dramatic changes 
in the metabolism of vanous hormones. Concentranons of 


oéstrogen, progéesterone, testostérone and prolactin all in- 
crease steadily through gestation, while those of luteiniz- 
ing hormone (LH} and follicular-sumulating hormone 
(FSH) decrease. Sharp increases in hormonc-binding 
globulins such as sex hormone-binding globulin (SHBG) 
are seen, reaching a plateau by the end of the first trimes- 
ter. In addition, placental hormones such as hCG and 
hPL appear in the maternal circulation within the first few 
weeks following conception. Pregnancy does not usually 
alter thyroid function to any great extent, but changes in 
individual parameters of thyroïd function are often seen, 
such as mcreases in plasma concentrations of total thyrox- 
ine (T4). In contrast, plasma concentrations of the free 
hormone (whèen measured by discrete, but not analogue, 
methods} remain unchanged. Increases are also seen in 
plasma concentrations of votal and (to a lesser extent) free 
tri-iodothyronine {T3}. No significant changes are seen in 
TSH concentrations in the absence of thyroid disease (see 
Ch. 18). 

Associated with the changes in gonadotrophins and 
steroid hormones, pregnancy affects several metabolic 
processes in various tissues and organs, in turn altering 
the concentrations of many maternal plasma constituents. 
In some instances, these changes are apparently unrelated 
to the needs of mother or fetus. Because the use of normal 
reference ranges is often inappropnate during pregnancy, 
an appreciation of the metabolic effects of pregnancy is 
desirable. 

An important consideration when interpreting the ef- 
fects of pregnancy on blood components is the associated 
change in plasma volume. Total body water increases by 
about 7 litres during pregnancy with an increase in extra- 
cellular fluid being responsible for at least half of this 
increase, Marked alterations in renal haemodynamics 
accompany this increase in extracellular fluid. Both glo- 
merular filtration rate (GFR) and renal plasma flow in- 
crease by up 10 50%% above pre-pregnancy concentrations, 
changes compensated for by changes in tubular reabsorp- 
tion. Plasma creatinine and urea concentrations decrease 
during pregnancy and increases in 24h creatinine clear- 
ances (paralleling the increase in GFR) are apparent 4 
wecks after conception, peaking 9-11 weeks later. In preg- 
nancy complicated by pre-existing renal disease or pre- 
eclampsia, renal function may deteriorate markedly and 
monitonng of plasrna urate concentrations and Créatinine 
clearance is advisable, 


Plasma proteins 


Pregnancy induces widespread changes in plasma protein 
concentrations, due both to non-specific responses to 
changes in plasma volume and to specific hormone- 
induced changes in protein synthesis and degradation. In 
general, total protein concentrations are slightlv reduced, 


with those of albumin falling by approximatels 15°%% and 
those of globulins (especially acute phase proteins) often 
increasing. T'wo-to-three-fold increases in @,-antitrypsin, 
fibrinogen and caeruloplasmin are often seen during the 
later stages of gestation. Prealbumin is a notable exception 
as plasma concentrations fall during pregnancy. Flasma 
immunogiobuhn concentrations are rarelv affected by 
pregnancy. 

Pregnancy may induce shght increases in transaminases 
such as aspartate transaminase (AST). Substantial in- 
créases in alkalime phosphatase concentranons are séen, 
reaching a peak of 2-3 times normal adult values during 
the third trimester. This imcrease is largely due to secre- 
tion of the placental isoenzyme. Although changes im 
the fetal isoenzyme have been related to problems of 
letal development, thus has proved of httle use due to the 
wide range in isoenzvme concentrations seen in normal 
pregnancy. 


Plasma hpids and Hpoproteins 


The hyperlipidaemia of pregnancy is well recognized. 
By the third trimester, plasma triglyceride concentrations 
are increased 2-3 times, with lesser increases being seen 
in total cholesterol (Fig. 22.3) and in phospholipids and 
non-csterificd fattry acids. These increases result from a 
complicated sequence of changes in the major plasma 
hpoprotein classes, low density lipoproteins (LDL) and 
high density lipoproteins (HDL). LDL concentrations rise 
steadily but level off during the last 10 weeks of preg- 


total cholesterot 
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Gestation (weeks) 


Fig, 22,3 Méan changes in plasma cholesterol and tnmglyceride 
concentranons throughout gestation, relative 10 values at weéck 8 of 
pregnancy (adapted from Diesove et al 19873. 
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nancy, whereas those of HDL increase with gestation, but 
level off (and even fall) approximately half way through 
gestation. Thus latter phenomenon may be due to oppo- 
sition of the nse in HDL by the onset of the imsulin 
resistance typical of pregnancy. Senal measurement of 
hormones during gestation indicates that the hyperlipidae- 
mia of pregnancy is influenced not only by cestradiol and 
progesterone, but by insulin and hP£. 


Crlucose tolerance 


Fasting plasma glucose concentrations usually fall shightly 
during pregnancy, whereas postprandial concentrations 
increase. Pregnancy may lead to a deterioration in glucose 
tolerance, often subtle in the majonty of women, probably 
due to insulin resistance induced by elevated concen- 
trations of sex hormones. In cases of pre-existing insubhin- 
dependent diabetes mellitus (IDDM, dhis may result in 
an increased requirement for exogenous insulin, Thus, the 
dose of insulin should be monirored closely (by regular 
blood glucose and serial givcated haemoglobin estimations) 
in order to reduce the incidence of fetal malformation, 
macrosomia and intrauterine death, conditions which are 
ail associated with poor glycaemic control. 

The precise nature of the defect in gestarional glucose 
intolerance remains controversial, Patients who are ini- 
uially free from disbetes but develop glucose intolerance 
during pregnancy may either revert to normal afterwards 
or remain frankly diabetic. Although screening for gesta- 
nonal glucose intolerance has been advocated (based on 
factors such as obesiry, strong family history of diabetes 
méllitus or previous delivery of à baby weighing 4 kg or 
more), most ‘at-nisk' patients do not develop glucose 
intolerancé and those that do often have low risk factor 
scores. The presence of glycosuria is similarty of littie use, 
as the majority of pregnant women will have glycosuria at 
some stage of their pregnancy due to their lowered renal 
threshold, rather than glucose intolerance per se. 

Consequently, routine measurement of blood glucose 
has been advocated in af pregnancies, While this will 
indeed pick up cases of gestational glucose intolerance, 
great controversy exists concerning the indications for 
subsequent formal glucose tolerance testing, as weil as 
the gestation at which such testing should take place, In 
addition, there is no agreement as to what constitutés an 
abnormal tolerance test profile, as WHO criteria are based 
on non-prégnant individuals and other criteria are purely 
statistical (e.g. values more than two standard deviations 
above the mean), rather than relating to the outcome of 
pregnancy. Treatment of gestational glucose intolerance 
has decreased the incidence of macrosomma, but has not 
reduced the need for operative delivery or improved peri- 
natal mortality. 

Thus, IDDM has a marked effect on fetal well-being 
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but the impact of gestational glucose intolérance is less 
clear. There is no agreement as to the most efficient 
method of screening for thus condition and little evidence 
that diagnosis and treatment of 1t will greatly improve 
perinatal cutcome, 


Other changes 


Mild proteinuria may accompany the changes in plasma 
protein concentrations scen during pregnancy, developing 
into à more severe condition in cases of pre-eclampric tox- 
aemia, În such instances, serial quantitative assessments 
of proteinuria are useful. Plasma copper concentrations 
increase 2-3 times dunng pregnancy, parallehng the in- 
creases in cacruloplasmin concentrations. Falls im plasma 
copper concentrations during the later stages of pregnancy 
may be associated with placental insufficiency. Falls 
arc also seen in plasma concentrations of vitamin B,, and 
plasma and erythrocyte concentrations of folate. 


THE CLINICAL BIOCHEMISTRY OF ORAL 
CONTRACEPTION AND HORMONE 
REPLACEMENT THERAPY 


Worldwide, increasing numbers of women are now 
taking gonadal stéroids foestrogens and progestogens) as 
oral contraccpuves (OCs) or sex hormone replacement 
therapy (HRT). Gonadal sreroids influence diverse meta- 
bolic systems and this necds to be acknowledged when 
interpreting laboratory results. For example, the mode of 
action of OCs is to mimic pregnancy and it is not surpris- 
ing that many of the changes in plasma components seen 
during pregnancy are also seen in OC users. In addition 
to their direct effects on target tissues, gonadal steroids 
may induce changes in other hormones, such as insulin, 
thvroid hormones and prolactin, many of which in turn 
induce further changes in plasma components. 

An important determinant of the metabohc effect of 
gonadal stéroids is the route of administrauon. Oral 
oestrogens are rapidly absorbed from the gut and the re- 
sultant impact of unphysiolomcalls high hormone concen- 
trations in the hepatic portal vein may induce a ‘first pass’ 
effect, leading to increased synthesis and secretion of 
hepatic proteins such as binding globulins, renin substrate 
and fibrinogen., Many progestogens also exert a hepatic 
first pass effect. Various parenteral routes of administra- 
ton, such as patches, creams and implants, häve been 
developed to combat this, with mixed success, Such routes 
have proved successful for HRT, although of oniy limited 
use in contraception. 

The majonity of oral gonadal steroid therapies im 
current use combine an ocstrogen with a progestogen. 
Progestogen-only oral contraceptuives (minmi-pils") use very 
low doses of steroids and have comparativels little effect 
on plasma components. There is an important difference 


between the oestrogen used in OC and that used in HRT. 
If suppression of ovulation 5 required, a synthetic oestro- 
gen (almost always ethinyl cestradiol) 1s necessary, In 
contrast, HART requires lower doses of oestrogen, as the 
objective 1s solely to restore plasma oaestradiol concentra- 
tions to premenopausal Concentrations, In such instances, 
“natural (non-alkylated) oestrogens such as 17f-oestradiol, 
cestradhol valeraté and conjugated equine vestrogens have 
proved adequate, despite their ineffectivencss as contra- 
ceptivé agents. 

Contraceptive progestogens are used in order to in- 
crease contraceptive cfficacy and control menstrual bléed- 
ing. In contrast, HRT progestogens are used to prevent 
endometnal prolifération, hyperplasia and neoplasa. 
Again, the net dose of progestogen used in HRT is lower 
than that required for OC. Because natural progesterone 
is poorly absorbed when given orally, various synthetic 
progestogens have been developed. In the UK, the pro- 
gestogens most commonly used in OC are levonorgestrel, 
norethisterone, gestodene and desogestrel, the latter two 
being novel denvatives chosen for their relanvely low 
androgemicity, For postmenopausal HRT, levonorgestrel 
and norethisterone are most commoniy used; formulations 
using novel progestogens are currently under evaluation. 


Plasma proteins 


The effects of oestrogen therapy on plasma proteins are 
similar tothose induced by pregnancy: eniy minor changes 
in total protein concentrations, reductions in those of 
alburnin and increases in those of carrier proteins such as 
sex hormonc-bindimg globulin (SHBG)}, corusol-binding 
gobubhn {CBG), thyroid hormone-binding globulin (TBG), 
transferrin and caeruloplasmin, These increases in globu- 
lins are especially marked when synthetic {alkylated) 
ocstrogens are used, Concentrations of @,-antitrvpsin in- 
crease; those of hepatic transaminases may also increase. 
Description of the effects of oral oestrogens on clotting 
factors is bevond the scope of this chapter, although this 
remains a topical area given the reported increase in 
thrombotic episodes in OC users. Plasma concentrations 
of homocysteine are increased by OC. 


Plasma hpuds and hipoproterns 


The effects of OC and HRT on plasms lipoproteins have 
béen extensivels studied in résponse to concern over their 
safety im terms of Cardiovascular disease, Orestrogens 
tend to increase plasma concentrations of triglycerides 
and HDL and lower those of LDL, progestogens in general 
oppose these actions. These effects are related to steroid 
dose, The net result of combined (voestrogén/progestogen) 
therapy on lipoprotein metabolism therefore depends on 
the balance berween oestrogen and progestogen, The 
route of administration is also important, with the oral 


route causing greater change due to the hepatic first pass 
effect. In general, synthetic (alkylated) oestrogens have 
greater effects on lipoproteins than do natural oestrogens. 

Disturbances in lipoprotein metabolism in users of 
combined OCs were first described over 25 years ago. Sub- 
sequent studies have shown that OC users have elevated 
concentrations of triglycerides but relatively normal con- 
centrations of total cholesterol. However, the distribution 
of cholestérol within the hipoprotein fractions may be 
altered by these steroids, with LDL concentrations in 
some instances being increased (a potentially atherogenic 
change) and those of the potentially beneficial HDL frac- 
tion increased, unchanged or decreased according to the 
balance of oestrogen and progestogen and the type of pro- 
gestogen. In general, OCs which contain a less androgenic 
progestogen, such as desogestrel, induce a ‘lower risk’ 
lipoprotein profile than do formulations containing more 
androgenic progestogens such as levonorgestrel. 

Both the dose and type of hormone used for OCs have 
been modified in response 10 concern over Cardiovascular 
risk. The trend of this reformulation has been to lower 
the doses of both hormones and to use less androgenic 
progestogens. This strategy has resulted in formulations 
having minimal effects on LDL and HDL. However, as 
the progestogen used in these formulations is less able to 
oppose the ocstrogen-induced increase in VLDL synthe- 
sis, triglyceride concentrations are increased, 

Unopposed (oestrogen-only) HRT lowers plasma con- 
centrations Of LDL and HDL and raises those of trigly- 
cerides, When a progestogen is coadministered, the net 
effect on lipids depends on the balance of oestrogen and 
progestogen, as before. The oestrogenic profile (low LDL 
and high HDL) will be maintained if the progestogen 
weakly opposes the oestrogen, whereas androgenic ster- 
oids such as ilevonorgestrel may overcome this. 
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Glucose tolerance 


It is widely recognized that OCs lead to a deterioration in 
carbohydrate metabolism, although overt diabetes due to 
OC use on its own is a rarity. Nevertheless, OCs increase 
the plasma glucose and insulin concentrations seen in re- 
sponse to a glucose load. Formulations with more andro- 
genic progestogens induce greater changes, There exists 
controversy over the use of oral contraceptives in diabetic 
subjects. Although the use of progestogen-only pills has 
been recommended in such cases, it is now felt that the 
current generation of low-dose formulations, especially 
those containing novel progestogens, may be acceptable. 

Postmenopausal oestrogens on their own have little 
effect on glucose metabolism, although deterioration in 
glucose tolerance, resembling that seen with OCs, is 
found with combined HRT. 


Other changes 


Some minor changes in parameters of thyroid function, 
similar to those seen in pregnancy, have been reported in 
OC users. Plasma concentrations of bilirubin are reduced, 
due to the effect of synthetic oestradiol on hepatic secre- 
tion of conjugated bilirubin. Às in pregnancy, oestrogen 
therapy increases plasma concentrations of copper due to 
increased hepatic synthesis of caeruloplasmin. Hyperten- 
sion may be exacerbated in OC users due to changes in 
the renin-angiotensin-aldosterone system induced by the 
oestrogen., However, most oral contraceptive users adapt 
their vasoactive controls and aldosterone production to 
compensate for the increase in blood pressure. Similar 
changes are seen in HRT users, albeit to a lesser extent. 
The significance of these changes remains controversial as 
the observed biochemical changes Correlate poorly with 
actual changes in blood pressure concentrations. 


Detaied, toell-nformed discusnon of the use of bachemical methods for the 
assessment of placental function, The physiology of the placenta 1 described 
and the value of measurement of placental hormones on different chrical 
situations is revieted. 

Haddow J E. Prenatal screening for open neural tube defects, Down's 
syndrome and other major fetal disorders. Seminars in Perinatology 
1990; 14: 488-5053, 

Recent rever article describing the current status of iochemical screening 
programs for the detecrion of fetal anomalies. 

Lindheimer M D, Katz A I. Fluid and electrolyte metabolism in 
normal and abnormal pregnancy. In: Arieff À EL, DeFronzo R A (eds) 
Fluid, electrolyte and acid-base disorders. New York: Churchill 
Livingstone, 1985, p 1041-86. 

Detaied reuiess of fluud and electrolyte balance during pregnancy. 

O'Leary P, Boyne P, Flett P, Bielby J, James L. Longrudinal 
assessment Of changes in reproductive hormones dunng normal 
pregnancy. Clinical Chemisury 1991; 37: 667-72. 

Reference intervals for sex hormones in maternal serum during 


uncomplicated pregnances 

Rodeck C H (ed). Fetal diagnosis of genetic defects. Baillière's clinical 
obstetrics and gynaecology 1. London: Baillière Tindall, 1987. 
Excellent senes of retiens on fetal diagnoss. 


Senith N C. Assessment of fetal acid-base status, Clhimcal Obstetrics 
and Gynsecology 1947; 1: 97-109, 
Revoir of method fer measuring fesal acid-hass status (primary dunng 
labour) and of the cdimical value ef Dhis téchmique. 

Thorpe-Beeston Ï G, Nicolaides K H, Felton C V, Butler |, McGregor 


A M. Maturstion of the secretion 6f thyrosd hormone and thyroid- 
stimulating hormone in the fetus. New England Journal of Medicine 
1991: 324: 5326. 

Defrninve study on cryvroid function en the foetus, 


"te es 7 el Sd 0. - 


CHAPTER 


23 





INTRODUCTION 

In Britain there are approximately 700 000 live births per 
vear, The mortality rate of infants under 1 year of age has 
dropped significantly this century from 154/1000 in 1900 
to 8/1000 in 1990, Sixty percent of these deaths occur in 
the neonatal period, that is, during the first 4 weeks of life, 
This high mortality rate, which is not seen again until the 
seventh decade of life, reflects the consequences of con- 
genital malformation and disease and the difficulties of 
transition between intra- and extrauterine life, particularly 
in the premature infant. For this reason, the majority 
of this chapter is devoted to neonatal clinical chemistry. 
Disorders of older children are only included where there 
are particular problems with interpretation of clinical 
chemistry data. 

The most common cause of admission into a neonatal 
intensive or special care unit is prematunity. ‘Preterm” in 
the practical sense rarely includes infants of more than 32 
weeks of gestation at birth or with a birthweight exceeding 
2000 g. The problems of premature infants can be related 
to immaturity of lung, CNS and renal function, or inad- 
equacy of energy stores and of those nutrients which are 
acquired during the third trimester of pregnancy such 
as Calcium, iron and other trace metals, and immuno- 
globulins. Another high-risk group are those infants with 
a birthweight inappropriate for their gestational age. In 
most cases these infants are small for dates (SFD) but 
infants of diabetic mothers may be overweight at birth. 


POSTNATAL INVESTIGATION OF THE SFD 
NEWBORN 


Inappropriate birthweight is often readily explained from 
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the clinical history. Common causes of growth retardation 
are multiparity, maternal pre-eclampsia, infection and 
drug addiction. An uncommon example is the firstborn 
SFD infant with microcephaly, the mother of whom 
should be investigated for possible phenylketonuria 
(PKU). 


Intrauterine infections 


Intrauterine infections may lead to congenital malforma- 
tion. Antenatal serological testing for the ToRCH series 
(toxoplasma and rubella, herpes simplex and cytomegalo- 
viruses) has become routine practice in many hospitals. Of 
this infectious cluster, herpes simplex is acquired during 
birth and is. therefore, not associated with low birth- 
weight. Intrauterine infection is indicated by an increase 
in the infant’s serum IgM level (Table 23.1) and is often 
associated with prolonged unconjugated hyperbilirubinae- 
mia and abnormal liver function tests. Measurement of 
the serum IgM level is only useful as an indicator of 
intrauterine infection before 6 weeks of age, After this the 
normal rise in plasma IgM masks any early increase and 
investigation requires specific serological tests. 


Range (+/- 2SD) | 
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Maternal drug abuse 

Two per cent of women in urban areas of the UK have 
been reported to have a positive screening test for at least 
one prohibited substance at the time they first attended 
for antenatal care. These substances included ampheta- 
mines, barbiturates, cannabinoiïids, cocaine metabolites, 
meéthadone and opiates. 

The consequence of maternal drug abuse is dependent 
upon the intensity of use. Infants may be born prema- 
turely and/or SFD and a proportion exhibit withdrawal 
symptoms during the neonatal period. The appearance 
of these symptoms depends upon the rate of clearance of 
the drugs and their active metabolites. For instance, the 
irritability, tremors and convulsions of heroin withdrawal 
appear during the first 24 h of life whereas the same symp- 
toms do not generally appear until after 24-48 h when 
methadone is the abused opiate, 

The urine drug screen of a symptomatic neonate is 
often negative. Poor drug penetration across the placenta 
means that there are higher concentrations in maternal 
issues and consequently it is more rewarding to screen 
matérnal urine. lhe likelihood of detectuing maternal drug 
abuse by investigating the urine of the neonate follows 
a decreasing order of cocaine > methadone > heroin > 
benzodiazepines. 


RESPIRATORY DISORDERS 
Respiratory distress 


Up to 55% of the feral cardiac output goes to the 
placenta. Asphyxia at birth is associated with an increase 
in peripheral resistance and a reduction in pulmonary 
vascular resistance, both of which ensure the closure of 
the foramen ovale and constriction of the ductus arterio- 
sus. Blood is then diverted through the pulmonary vessels 
and the ‘adult’ circulation is established, In the newborn 
infant, haemogiobin F (HbF) 1s the predominant haemo- 
globin, accounting for about 75% of the total. HbF has a 
greater affinity for oxygen than HbA and its oxygen disso- 
ciation curve is shifted to the left, ensuring adequate oxy- 
gen exchange at a sigmificantiy lower partial pressure of 
oxygen (PO,). As the PaO, in blood rises with postnatal 
age, blood HbF levels fall and by 6 months of age HbF 
accounts for only about 5% of the total Hb. 

Respiratory distress may be caused by a variety of con- 
ditions as shown in Table 23.2. The most common in 
preterm infants is hyaline membrane disease, primarily at- 
tributable to immature surfactant synthesis. Surfactant 1s 
made up of phosphatidyl choline (lecithin), phosphatidyl 
glycerol and phosphatidyl inositol. It ensures patency of 
the alveoli by reducing the surface tension of the alveolar 
wall. Surfactant synthesis begins by the 20th week of ges- 
tation. Ît increases slowly until the 34th week, then rapidly 
with the maturation of the type IT alveolar cells. The rate 
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of synthesis is sensitive to cold, hypoxia and acidaemia 
and can be halved by postnatal exposure to temperatures 
less than 35°C and arterial pH < 7.25. High intrauterine 
glucose concentrations resulting from untreatéd maternal 
diabetes mellitus can also delay maturation of fetal sur- 
factant synthesis. Fetal type IT alveolar cell maturation 
may be enhanced by maternal steroid therapy. 

The incidence of hyaline membrane disease is inversely 
related to postconceptional age. The signs of the disease, 
which occur within 4 h of birth, include sternal retracuion, 
intercostal and subcostal recession, éxpiratory grunt and 
tachypnoea with a respiratory rate greater than 60/min. À 
characteristic ‘ground glass’ appearance is found on radio- 
logical examination of the chest. The infant develops hy- 
poxia and a respiratory acidosis, both of which cause an 
increase in pulmonary vascular resistance and thus pulmo- 
nary hypertension with a left to right shunt. Hypoxia en- 
hances anaerobic glycolysis and results in lactic acidosis. 
Additional complications include brun damage, oedema 
and hypotension leading to renal failure, paralytic ileus 
and necrotizing enterocohtis (NEC). 

Group B streptococcal pneumonia may present as earky 
as 4 h after infection from this common vaginal organism 
during birth. It occurs more often in the preterm than 
the fullterm infant, Measurement of serum C-reactive 
protein and microbiological investigations can be used to 
distinguish bacterial pneumonia from hyaline membrane 
disease. 

Meconium aspiration and transient tachypnoea of the 
newborn (TTN) occur most often in full or post-term 
infants, The passage of meconium in utero is associated 
with fetal hypoxia. In some cases the contaminated liquor 
is aspirated. TTN occurs in infants born by Caesarean 
section and appears to be due to incomplete sumulation 
of adrenergic mechanisms for lung clearance during birth. 
Pneumothorax may occur as a complication of either of 
these conditions or as a result of mechanical ventilation 
of preterm infants. 

Non-pulmonary causes of respiratory distress are 


usually self-evident and the condition normally improves 
with treatment of the underlving cause (Table 23.3}. Up 
to 20%0 of infants weighing less than 1750 g at birth have 
a patent ductus artenosus (PDA). Medical management 
of PDA includes fluid restriction and simulation of di- 
uresis. Pharmacological closure may be achieved using 
indomethacin, an inhibitor of prostaglandin synthetase. 
Contraindications to thus treatment include renal in- 
sufficiency (plasma creatinine concentration greater than 
160 umolL. with or without oliguria), biceding disorders 
and necrotizing enterocohitis (NEC). 


Management of respiraiory distress 


This may involve assisted ventilation with oxygen, aiming 
to maintain the PaO, in the range 6-12 kPa, PaCO, from 
5.5-8.0 kPa and arteriai ©, saturation (Sa0.) 88-05%%. 
Although careful monitoring of blood gases is required, 
repeated blood sampling may cause anaemia, The total 
bloëd volume of a 1000 g premature infant is about 70 ml. 
Ansemia will necessitate transfusion, usually with adult 
haemoglobin. Increased HbA may compromise oxygen 
upiake in the lungs In the presence of low alveolar PaO,, 
thereby further aggravaung tissue hypoxia. Correction of 
the metabolic acidosis with sodium bicarbonate can cause 
oedema and precimitate heart failure due to sodium and 
water overload. Too much oxvgen may result in retrolental 
fibroplasia with retinal detachment and blindness. Long- 
term ventilation 15 associated with bronchopulmonary 
dysplasia, hyperninflated emphysematous lungs with ex- 
tensive alveolar destruction and widespread Gbrosis. The 
proposed role of free oxygen radicals in the development 
of these complications has led many paëedliatricians to rou- 
tinelv administer vitamin E to all infants on ventilators. 

Transcutanéous PO, (TcO.) polarographic electrodes 
can be used to monitor oxygen treatment in infants who 
have good skin perfusion; the results correlate well with 
arterial) PaOQ. measurements. TcO, is measured at a skin 
temperature of 44°C so the clectrodes require fréquent 
resiting with recahibration in order to prevent skin burns. 
These problems do nor occur with pulse oximetry which 
measures SaQ), bv differential light absorbance at 660 
and 940 nm of oxvhaemoglobin and reduced haemo- 
globin during an arternial pulse. Conseguentiy it does not 
require calibration during use. The results correlate well 
with artenal FO. measurements at $SaO, values above 
65% but are falsely low in the presence of methaemo- 
globin because its molar extinction charactéristics imutate 
reduced haemogiobin. 

During the past decade a number of studies have iden- 
tified the benefits of administering surfactant to newbomms 
at risk of developing hyaline membrane disease, The sur- 
factant may be either syvnthesized artifñcially or extracted 
from animal or human sources, It is given, usually as a 
single dose, in liquid form through an endotracheal tube 
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and can significantly reduce the incidence and complica- 
tons of respiratory distress. 


Apnoen of prematurity 


Apnoca of prematurity, defined as a cessation of breathing 
for over 20 s with or without bradycardia and cyanosis, 
occurs in up to 85% of infants weighing less than 1000 g 
at birth. The major cause of apnoea is immaturity of the 
central respiratory drive, with poor sensitivity to changes 
in PaCO.. This is compounded by the suppressed respira- 
tory résponse to hvpoxia which serves to reduce oxygen 
requirements ur utero and which persists in the preterm 
infant, Poor co-ordination of the major respiratory mus- 
cles of the chest wall and the upper airways can lead to 
obstruction, usually at the level of the pharynx, Respira- 
tory effort against a closed airway distorts the chest wall 
and activates the intercostal phrenic inhibitory reflex. 
Apnoca 1s worsened by infection, thermal instability and 
hypoglyvcaemia. 

Apnoea of prematurity is treated with methylxanthines 
which augment central respiratory drive and increase 
chemoreceptor sensitivity to changes in P4CO.. The nor- 
mal metabolism of theophylline (1,3-dumethylxanthine) 
and caffeine (1.3,7-trimethylxanthine) occurs through N- 
demethylation and CS oxidation by the hépatic micro- 
somal mixed function oxidase system (Fig. 23.1). In the 
immature liver, the activity of these P450-dependent 
ensymes is low with a consequent retardation of methyl- 
xanthine metabolism. In this situation theophyiline can be 
methylared in a P45S0-independent reaction and cafleine 
can account for up to 30% of the total methylxanthines in 
the plasma of premature infants treated with theophylline. 
The halfdlife of the methyixanthines in plasma 15 related 
to postconceptional age (Table 23,3), Toxic effects of 
theophylline, which include tachycardia, excitability and 
gastrointestinal disturbance, are reported with increasing 
frequency when the plasma levels exceed the therapeutic 
range Of 5-10 mgL (28-55 umol/L.}. Even within this 
range theophylline may cause hyperglycaermua and a 2-3- 
fold increase in urinary sodium excretion, The therapeutic 
range for caffeine is gencrally quoted as 5-20 mg/L (26- 
103 umolE). Although it has a comparable natnuretic 
effect to theophylline, its toxic effects appear less dramatic 
and the upper limit 6f the therapeutic range may well be 
near to 50 mg/L. (260 umol/L) and related more to the 
level of total methvylxanthines than to caffeine alone. 


RENAL FUNCTION 

The investigation of renal disorders and the monitoring 
of fluid and electrolyte replacement in preterm infants is 
complicated by immaturity of organ function and by the 
difficulty in collecting accurately rimed urine samples. In 
low birthweight infants glomerular function is adequate 
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As Co: cholesterol acyl transferase 
(ACAT: 
cholesterol metaholism, 627 
Nremann-Pick disease type Il, 614 
PC, inbibmion, 623 
Acvlcamitne trandocase, 544 
Acviglycines unnary excretion, 354 
Addisonian crisis, 32] 
congenral adrenal hyperplasa (CAH), 326 
Addison's disease (prmary hypoadrenalism}, 
S16, 921-322 
sdrenal crisis, 321 
aldosterene deficiencey, 318 
causes, 44], 322 
chnical features, 318, 321 
habetes meltious association, 271, 275. 287 
diagnosis, 321-322 
ACTH plains concentration, 320, 322 
short Synacthen test, 321 
hyperkalsemis, 56 57 
hépoglvcacrs, 290 
metabohe disturbances, 320 
renal sodium loss, 32 
stercad treatment, 121 
traurna/sepeis response failure, 356 
Adenne phophonboss| transierase (APRT 
deficiency, 171 


Adenomatous polspostss coli (APC]) gene 
mutations, 761 
Adenoune dearmimase (ADA) 
ascites fluid activity, 245 
chronic baemolytic anaemum, 497 
Adenosine deaminase (ADA) deficiency, gene 
therapy, 759 
Adrenal adenom 
Cushing's syndrome, 322 
poinary aldesteromesm, 323, 314 
management, 525 
surgical treatment, 32% 
Adrenal androgens 546 Androgens, adrenal 
Adrenal carcinoma, 323, 333 
Adrenal cortex 
anatomy, 315 
biosypathetc pathiways, 316, 317 
funchonal assessment, 519-321 
adrenal sex hormones, 321 
glucocorncnd secrenon, 319-320 
mineraliocortcoid funcüon., 320-321] 
suppression tests, 320, 329 
test protucols, 328-329 
social stress response, 360 
stercid hormones, 315-319 
zona fasciculata, 315, 316 
rona glomerulosa, 315, 316 
sona reuculans, 315, 316 
Adrensal disorders, 315-329 
cortical disease, 321-326 
medullary disease, 327-328 
Adrenal glandes 
anatomy, 315, 316 
blood suppls, 315, 516 
Adrenal haemorrhage/necrosis, 356 
Adrenal byperplasia, congenital (CAH, 
325-326 
adrenal steroid inosymtheuc pathwus, 
378 
aduh onset, 326, 402 
clinical features, 318, 326, 402 
corusol secretory defect, 325-376 
diagnosis, 326, 378-370, 30, 440 
ACTH ussay, 120 
17O0H-progesterone assav, 574-370 
uainar sicroid metabolites méurement, 


370 
female pseudohermaphroditisom, 326, 
77-380 


11f-hydroxyhse déficiency, 378 
Molecular genetics, 380 
21-hydroxyiase defiiency, 377-478 
ACTH sumulanion test, 410 
molecular genetics, 579-380 
prenatal diagnons, 340 
FB-hydroxysteroid debydrogenase deficiency, 
378 
molecular genetics, 380 
hyperkalacmias, 56, 57 
hypokulaermie alkaloss, 43 
eonate 
hypogiycuemtia 241] 
hyponatraemia, 427 
screening, 359%, +40 
polveystic ovaries association, 399 
prénatal dexamethasonc treatment, 380 
salt losing forms, 378, 379, 440 
renal sodium wasnung, 33, 56 
subrypes, 326 
treutment, 326 
vinliation 
female external gonataha, 377, 378, 579 
male infant, 378 


Adrenal hyperplasta, primars aldosteromsr, 
323, 324 
Adrenal hypoplasia, congenital 
gonadotrophun deficiency, 349 
molecular genetics, 389 
Adrenal msufficiency 
adrencleukodystrophy, 591, 592 
adrenomycioneuroparhy variant, 594 
fasting hypoglycaemia, 284, 284, 589 
bvpothyroidisn, 3484, 351 
maudin stress test, 209 
primary se Addison's disease 
renal tubuler acidosis vype IV (distal with 
hyperkalacmia}, 168 
traurne response failure, 356 
Adrensi mcdulla, 327-328 
anatomy, 315 
catécholamine producnhon, 427 
discase, 327-328 
social stress response, 300 
Adrenal tumours 
depressive tllness, 573 
dihrdroxvemandresterone sulphate 
(DHEAS;, 402 
female pseudohermaphroditiem, 380 
hirsutisnt, 401 
hspolkalaenna, 53 
mulniple endocnne necoplasia type 1 
(MEN 1}, 684 
non-funchomng, 324 
Adrenal vein cathetenzation, 315 
primars aldosteronmem dfferental 
dagnoms, 324 
Adrenaline, 315 
adrenal medulla production, 427 
cffects, 327 
ferry acids mobiliation, 623 
hypoglycaemua response, 282 
metabolie response 16 injury, 356, 719, 736 
panic attacks, 577 
phacochromocytoms, plasma/urime 
concentration, 125, 686 
recepiors, 127 
rehsemibuton hypokalsemin, 50 
starvation, 368 
Adrenarche, 387 
premanvre, 388 
Adrenocortcotrophic hormone (ACTH), 395 
adrenal œmus dynamnc tests, 298-200 
301-302 
adrenal corncal biosynthetic actions, 297, 
316 
aldostéronc régulation, 916 
crcadian rhethim, 297, 320 
congental sdrenal hyperplasia £CAH), 37, 
+20 
corticotrophin relessing factor (CRE) 
control, 297 
cortisol regulation, 119 
depressne 1lness, 578 
ÉCIOREC SECTELHON 
with ACTH precursors, 690 
contrel mechanisms, 690 
Cushing's syndrome see Cushing's 
svndrome 
hvpokalaiemic alkalosis, 53, 306 
molecular biology, 689-660 
pituitarr CKCEES secretion differentiation, 
6#g 


tüumours, 306 
fever regulation, 359 
giucagon test, 299 
insulin stress test (IST), 268-2099, 301 


Adrenocorticotrophic hormone (com) 
intravenous short Synacthen 
(tetracosactrin), test 299, 301, 302 
metyrapone test, 299 
pituitary rumour secretion, 684 
plasma assay 
Addison's disease (primary 
hypoadrenalism), 322 
basal level, 320 
congenital adrenal hyperplasia (CAH), 
320, 326 
Cushing's syndrome, 306 
POst-pituITAry SUrBETY FOSCTVE ASSCSSIMIENT, 
301-302 
peychotropic drug effects, 370 
starvation, 368 
stress/inury-induced relense, 9, 297, 356, 
7119, 736 
Adrenocorticotrophic hormone (ACTH) 
deficiency 
busal hormone investigations, 298 
chinical assessment, 302 
congenital hypopituitarism, 381 
corusol plasma concentranon, 2985 
F is, 301 
glucagon test, 299 
hypoglycaeria, 290 
insulin stress test, 208-299, 301 
isolated, 310-311 
metyrapone est, 299 
post-pituitary irradiation, 302 
progression of hypopituitansm, 298 
short intravenous Synacthen 
(tetracosactrin) test, 299 
otrophuc hormone (ACTH) 
_ stimulation test 
congenital adrenal hyperplasia (CAH), 
402 


harsutism, 402 
primary aldosteronism, 324 
Adrenocorucotrophic hormone (ACTH)- 
dependent Cushing's syndrome see 


Adrenoteukodystrophy, 591-592 
adrenomyeloneuropathy variant, 594-595 
carrier detection, 591-592 
diagnosis, 591, 592 
genetic aspects, 591 
neonate, 451 
neurological disturbance, 591, 592, 615 
perousomal defect, 591 
prenatal diagnosis, 592 
treatment, 592 

Adrenomyeloneuropathy, 594-595 
clinical features, 594-505 
diagnosis, 595 
prenatal diagnosis, 595 

Adult respiratory distress syndrome, 83 

Affecuve disorders, endocnne abnormalities, 

369-370 

Age-related effects, 743 
bone mineral densiry (BMD), 513-514 
neuroendocnne effects, 371-373 

growth hormone, 373 
ncuroendocnne-immune system 
interaction, 373 
reproducrive function, 372-373 
reference value vanation, 8-9 
urninary protein excretion, 146 
Agoraphobia, 571 


AIDS 
dementia, 563 
pentemidine-induced hypoglvcaernia, 291 
secondary lactase deficiency, 206 
Alanine aminotransferase (ALT), 226 
acute hepautis, 238, 239 
alcoholic hepatitis, 243 
tissue distribuuon, 226 
Alanine plasma concentration, respiratory 
chain defects, 552 
Albumin 
acute phase response, 718, 735, 737 
age-associated changes, 146 
bilirubin binding, 223, 224, 433 
bili-albumin, 225, 238 
displacement by drugs, 433 
haemolysis-associated 1 increase, 458 
calcium plasma assay adjustment, 93 
cerebrospinal fluid (CSF), 560 
blood-brain barrier permeabiliry 
assessment, 560-561 
flow reduction measurement, 561 
Chronic active heparitis (CAH)}, 241 
drug binding, 433, 649 
glomerular fGilranion, 144 
haem binding, 459 
haemodialvsis monitonng, 141 
hepatic synthesis, 220, 366 
hypocalcaemia investuiganon, 99, 100 
liver function tests, 227 
chronic disease prognosis assessment, 
235 
malabsorption reg 211 
multiple myeloma, 500 
nephrotic syndrome, 153 
nutntional status assessment, 187 
nutrinonal support monitoring, 197 
oestradiol binding, 247 
oestrogen therapy-associated changes, 420 
osteoporosis, 515 
ovarian steroid transport, 398 
plasma oncotic pressure, 26 
pregnancy-associated changes, 147, 418 
prmary biliary cirrhosis, 242 
proxmal cubular catabolism, 145, 133 
pronimal tubular reabsorption, 145 
renal transplant monitonng, 142 
testostérone binding, 247 
thyroid hormone binding, 333 
urinary excretion, 146, 147 
light chain proteinuria, 158 
non-renal disease, 159 
stick vests, 160 
tubular proteinuria, 154 
vitamin D metabolite binding, 91 
Alcohol sbuse 
aminotransferases, 235 
AST:ALT ratio, 226 
mAST':total AST ratio, 226 
clinical features, 671 
diabetes mellirus, secondary, 268 
endocrine effects, 366-367 
folate metabolism, 203 


gamma glutamyl transferase (gamma GT), 


227, 234 


population screenung, 227 
gonadal function, 247, 366-367 
haemochromatosis, 243-244, 247, 250 


desire 108, 109 
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laboratory mvestigations, 244 
lactic acidosis, 72 
liver disease see Alcoholic liver disease 
non-respiratory alkalosis, 72 
osteoporoms, 515 
pancreatins, chronic, 264 
PAraCECLRETIO | toxaci Ur, 660 
porphyna cutanea tarda, 243, 244 
porphyrnuna, 479 
pseudo-Cushing's syndrome, 671 
secondary lactase deficiency, 206 
Se (5-HT) systems, 576 
thiamin deficiency, 179 
genetic cie" hisusuias 
abnormality, 588 
Wernicke-Korsakoff syndrome, 571, 588 
transferrin, desialvated: voral plasma 
concentration, 228, 244 
674 
cancer risk, 194 
chidren, 660, 671 
diabetes mellitus glycaemic control, 275, 
247 
endocrine effects, 366 
hypertension association, 194 
hypoglycaemia, 275, 671 
Addison's divesse. 291 
fasting, 287, 291-202 
ve, 293 
métaboillens, 43 
free radicals generation, 768 
nutnuonal energy, 174 
plasma HDL response, 193 
porphyria cutanea tarda, sporadic form, 
476, 477 
see also Alcohol poisaning 
Alcohol dehydrogenase, 219, 243 
Alcohol plasma concentration, 242 
alcohol-induced fasting hypoglycaemia, 292 
alcoholic liver disease diagnosis, 230-231, 
244 
intoxication relationship 67 1 
Alcohol poisoning, 659, 670-671, 672 
acute, 660, 671 
chronic se Alcohol abuse 
combined bentodiarepine overdose, 671 
management, 67 1 
plasma concentrations, 671 
see also Methanol poisoning 
Alcohol withdrawal svmptoms, 671 
respiratory alkalosis, 108 
Alcoholic ketoacidosis, 72, 671 
respiratory alkalosis, 108 
urinary organic acids excretion, 72 
Alcoholic liver discase, 243-244 
alcohol plasma concentration, 230-231, 244 
aminotransferases, 226 
chronic on overload, 201 
cirrhosis, 243, 671 
“scies, 245 
normal liver function tests, 234 
fatty liver (stcatoss), 220, 235, 243 
ur — MER transferasce (gamma GT), 
hepatic encephalopathy, 72 
hépatic tissue iron index, 251 
hepatitis, 243, 671 
De" ii (demethylation) breath test, 
229 
chronic active (CAH), 242 
liver function tests, 238 
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Alcoholc liver disease (can) 
byposlbumanacrua, 227 
laboratory mvesuigations, 244 
pathology, 243 
porphyria curanes tarda association, 476 
sex hormone metabolism, 366 
sexual dysfunction, 247 
thvroid function tests, 166 
Aldchyde dehrdrogenase 
alcohol metabolism, 243 
serotonn deamination, 68 1 
Aldolase (ALD\ definency, 453 
Chronic hsemolytic anacmua, 456 
givooiytic intermediates concentration, 4@4 
Aldolase (CALD, muscle discanc-associared 
élevation, 549 
Aldose reductase inhibiiors, 272 
Aldesterome 
Addison's disease (primary 
hypoadrenalhsm}, 423 
adrenal cortex production, 316 
age-assoctated changes, 521 
atnal natrnirenic peptide CANP, 27 
basai level measurement, 321 
chrome renal failure, 364 
21-hydroxylase deficiency, sait-wasting- 
form, 377-378 
hyperkalaemia, 26, 57-58 
menstrual Cycle, 56 
oesstrogen therapy-ssociated changes, 421 
posture-related vananon, 9 
potassum balance, 30531 
preterm infant, 426 
renin-anpotensin system control, 716 
sepasiraumna response, 397 
socium balance, 26 
sochruin intake-associated changes, 321 
distal convoluted tubule, 121, 123 
prerenal acute renal failure, 130 
starvanion, 368 
Aldosteromem, primary, 327-325 
alkdostérone plasma concentration, 324 
banal level, 421 
response to ACT H/anginensin infusion, 
334 
response 16 circacdian rhythen and upright 
posture, 324 
basal rerun level, 321 
causes, 323 
clinical features, 323-324 
differential diagnosis, 524 
imaging techniques, 424-325 
renal hypokalaemic slkalosis, 53 
saline infuaon suppression test, 324 
spironolactone therapeutic trial, 325 
treatment, 325 
Alfacalcidol (lo-hydroxy vitamin D, 92 
hypophospharseme ostcomalacia, 520 
mtomcation, 47, 08 
oateoporons, 516 
renal csteodystirophy, 523 
vitamin D-dependent rickers type [L, 519 
viamin D-dependent rickets type Îl, 519 
Alimentary hypoglycaemin, 393 
Alkalsemia, definition, 61 
Alkaline phosphatase (ALP 
abnormalines in asymptomanc patients, 
233-234 
age-related variation, 9 
araculer diseases, 541 
bone formanon marker, 510-512 
bone ismenzyme, 225, 226, 273, 510, $11 


bone tumaover estimation, 94 
ostéoporosis, 515 
diabetes mellirus, 273 
diaphysenl dysplasia, 531 
fetal isoenzymme, 419 
fibrogenesis imperfecta ossium, 531 
garama GT concomutent clevanon, 227 
baemodinlvsis monitonng, 141 
hepatitis 
acute, 238 
chronic active (CAH}, 240-241 
viral, 238 
hyperparathyroidism, 102, 525 
hyperphosphatasia, idiopathic, 531 
hypocalcaemis, 102 
hypophosphatasia, 521] 
hypothyroicism, 348 
infancy, 432 
intestinal i0enryme, 225, 226 
oentymes, 516 
Liver function test, 225 
conjugated hyperbirubinacma, 231 
specificity, 225-226 
hiver isoenzyme, 225, 226, 273, 510, 511 
malabsorpuion investigation, 211 
malignant disease, 694 
multiple myeloma, 499 
néonatal corgugsted byperbilirubinaemia, 
434, 435 
normal range un plasma, 16, 18 
Gsteublasts, 509 
cstecomalacin, 519 
Pager's diseuse of bone, 525, 526-5237 
treatment mormtonine, 527, 528 
Parenteral nutrition 
neonatal cholestatic liver disease, 435 
neonatc/preterm infant, 437 
Placental isoenzsme, 226, 511 
pregnancy-associated changes, 248, 419 
tumour marker, 694 
polvostotic fbrous dysplasia, 531 
primary bitars cirrhous, 242 
Primary sclerosing cholengatis, 243 
puberty, 432 
Regan isoenzrme, 226, 694 
renal osteodystrophy, 523 
hyperparathyroidism suppressive 
trearment, 524 
parathyroidectomy, 524 
fickets, 319 
Of prematurity, 431 
total parenteral nutriion {TPN}, 349 
unnary excretion, 155 
vitamin D deficiency, 189 
Wilson's disense, 251 
zinc deficiency, 182 
Alkalosis 
definition, 61 
Metabolhe te Alkaloss, non-respiratory 
phosphate redisimibution, 103 
renal calcium handing, 89 
renal phosphate handling (FmP'/GFR}, 105 
renal potassium bandhng, 30-31] 
réspiratory se Alkalosis, respiratory 
Alkelosrs, non-respiratory, 76-79 
acute intermitrent porphyria (AIP}, 471 
biochemical characrensucs, 76 
causes, 717, 78-79 
Chronic renal failure, 136 
compensstory responses, 77-78 
buffering, 77 
hepovenulhation, 77 


extracellulur fluid volume contraction, 77 
hypokalaemia, 30, 30, 77, 78 
ectiopic ACTH secretion, 306, 305 
investigations, 54 
management, 78 
mincralocornomd excess, 77-78, 318, 320 
neurormuscuar excitability, 75 
renal bicarbonate excreton, 77-78 
svstemic effects, 78 
varegate porphyris, 472 
Alkalosis, respiratory, 79-80 
causes, 79 
compensaiory responses, 79 
buffering, 79 
hypoventlation, 79 
hypokalsemia, 79 
hypophosphataenia, 108 
management, 79-80 
systenuc effects, 79 
urea cyole desordershyperantonsemis, 
448, 607 
Alkapronure, 339 
calcum pyrophosphare disease association, 
536 
rheumatological complications, 539 
Allele-specific amplificauon see Amplilicanon 
refractory mutation system (ARMES) 
Alicle-specific oligonucleotide (ASO) 
techruque, 749-750 
reverse ASO technique, 750 
Alcles, 742, 744, 762 
Allopurinel 
acute uric acid mephropathy, 696, T03 
gout, 536 
ornithine transcarbamorlase deficiency 
heteruzygote detection test, 608 
unie acid stone prevention, 171 
Allyhsoprolylacetemide, 479 
Alpha chain disease, 302 
Alpha subuni assavs, 3364 
TSH-secreting pituitary adenoma, 46 
Alphabera (af-) hpoproteinaemia, 593, 
630-651 
ano B gene product, 630-631 
apo B-containine hpoprotéin deficiency, 
593, 630 
biochemical features, 593 
chnical features, 593, 630 
fat soluble vitamuns malabsorption, 593 
genetic aspects, 593 
Alphaletoprotein (AFP) 
ACTH-dependent Cushing's syndrome, 
307 
amniouc fluid analvsis, 417 
Down's syndrome screening, 416 
feral malformation screening, 415$ 
gerre cell tumours, 3, 708, 709, 710 
paediatné/neonatal tumours, 714 
prognosis, 710 
residual disease detection, 710 
gcstatuonal age changes, 415 
hepatoblastomn, 714 
hepatocellular carcinoma, 248, 713-714 
treatment monitormeg, 249 
lver function tests, 228 
tumour market, 30%, 706-707 
frosinacnna, 253 
Aluminium containing phosphate binders, 
107, 140, 522, 524 
Aluttimium rétention 
Altheumer's dissase associations, 584 
bone biopsy, 523 


Aluminium rétention {conf 
desterroxamine test, 323 
haemodialeus monitonng, 141 
ostéoblast coxiciry, 520, 522 
osteomalacia, 522 
post-parathyronlectomy, 524 
renal cstecdyvsraphe, 522, 523 
aluminium plasma concentrauon, 5233 
total body aluminium load, 533 
toxicitr treatment, 524 
Alveolar hypovenulation, 84, 86 
Alveclar perfusion, 42 
Alveolar ventilation 
PaCO., 54 
Hssue oxvgenation, #2 
Alzheimer’s discase, 566-567, 570, 579-584 
AGE protein, 580-581 
aluminium associations, 554 
amyloid, 580 
ante-mortom disease markers, 567, 584 
APP {f-amvyloid precursor protein}, 
s81-543 
geneuc mutauons, 381-5562 
A4 peptide, 581, 582, 583 
treatment momtoring, 584 
iochermmicçal investigations, 580-543, 554 
cerchrospinal fluid (CSF) findings, 567, 
581, 564 
cholinenuc deficitr, 583 
chnical features, 580 
Doun's syndrome Ceniscony 21} association, 
583, 603 
familial formes, 580, 561, 582 
molecular genetics, 580, 581 
neurofbnliars tangles, 567, 580 
NEUrOITATARNASENCE 
noradrenaline, 583 
Srotonin (5-HT), 583 
soinatostarn, 384 
neurotransauitter defects, 553-584 
pathogenesis, 582-583 
pathology, 567, 580 
plaque amyloid, 580, 581-5842 
plasma biochemmical markers, 583, 584 
prevalence, S&0 
senile plaques, 567, 580, 581 
sporadec fon. 580 
au protein, 580-581 
insomy 21 (Down's syndrome), 583, 603 
Amara erushroom poisoning, 677 
acute liver failure, 239 
Amaurotic familial idiocy se Cranghosidoses 
Amenorrhoca 
anorexia nervoss, 370 
basal hormone investigations, 298 
bone mineral densiery (BMD, 514 
Causes, 549 
chronic renal failure, 363 
choical presentanon, 399 
clomiphene test, 3K) 
exercise-related, 310, 389 
gonmadorroplhin deficiency, 298, 402, 310 
hyperprolactinsenma, 304 
hypothalarnic, 300, 310 
céstrogen replacement therapy, 310 
mvestigation, 300-4{H) 
ovulation induction, 300-400 
androgen insensitivite syndrome, 383 
AY female (pure gonadal dysgenests), 
5#1 
prolacon-secreting miuitary cumour, 684 
Shechan's syndrome, 305 


social stress response, 360 
weéighi-related, 300, 310 
Anmlande, 56, 325 
Amine precursor uptake and decarboxylation 
tumours ee APUT) tumours 
Amino acid metabolism disorders, 449-450 
mental handicap, 600-601, 604-412 
Anuno acid plusrns concentration 
amino acidopathiies diagnosis, 449 
inctabolé response to mjury, 720 
néonatal liver discase, 435 
neonatal reference ranges, 446 
nonsansuln-depéndent diabetes mellitus 
{NIDDM), 266 
Amino ackts 
atsormtion., 207 
dhetary intake, 176 
energy metabolism, 258, 259 
essential, 176 
hopanic metabolism, 220-221 
hydrogen ion production, 65-06 
hydro! radical oxidanon, 766 
insulin release response, 260 
parenteral solutions, 196 
proximal canvoluted tubule reabsormption, 
LA 
urea biosynthesis, 65 
Aminosciduria, 128-129, 165-167 
Fancont syndrome, 168 
hyperphenvlalanmacmias, 604-608 
mental handicap, 604-612 
overilow aminoacidureas, M6 1 1 
preterm infant, 428 
renal transport disordets, 611-612 
renal tubular acihonis type 2, 74 
Arminoglurcthimide, 308, 323, 684, 702 
Arninogycogde antibiotics 
électroivte balance, 53 
pharmacokimetics, 649 
renal tubular nephropathy, 155 
therapeutic drug monitoring, 643, 645, 649 
inchcanons, 649 
urgent analyses, 650 
toxicity, 647 
Aminolaevulinic acid {ALA) 
acute intermittent porphyna CAIÏP, 470, 471 
acute porphyna neurovisceral attacks, 469, 
AT 
déhydratase deéfiiency porphyris, 470 
bsem biosynthesis, 467 
Aminolaevulhuue acid (ALA) urinary ekcretiont 
acute intermittent porphyris (AI), 471 
aminoisevulini acid dehydratase deficiency 
porphyria, 473 
hereditary coproporphynia, 473 
lead toxicity, 479 
varicgate porphyris, 472 
Amunolsevulinic acid dehydratase (ALAD) 
haem biosyntheuts, 467 
leud roxicity, 479 
Aminolaevulinic acid dehydratase deficiency 
porphyris, 253, 473, 787 
genenic aspects, 466, 473 
Aiminolsevulinie acid synthase CALAS) 
“cute intermittent porphyria CAIP), 470, 
471 
acute porphyrnas, 469 
acute neurovisceral attacks, 472, 478 
drug-mduced atracks, 479 
haëto mosynrhesis, 467, 469 
hereditary coproperphynia, 473 
porphyns cutanes tarde, sporadic form, 476 
vaniegate porphyrla, 472 
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Aminopyrine (demethylanon) breath test, 229 
Arninopyrine, hepati extraction ratio, 229 
Aminotransferases, 217, 226, 667 
abnormalites in aeympiomatic patients, 
234 
acute fatty liver of pregnancy, 248 
alcohelic liver disease, 243, 244 
alcoholkic stentonis, 243 
conpugated hrperbihrubinasmea, 231 
extrahepatic disease, 226 
fatty acid metabolhém inborcn ernors, 446 
hepatins 
acute, progression to acute liver failure, 
239 
acute, progression to chronic hver 
discase, 2359, 240 
antiviral treatment monitoring, 241 
chronic active sutoimmune (AICAH), 
2342 
chremic active (CAM), 246, 341 
viral, 238, 239 
hyperthyroidiem, 342 
liver transplantation, 255 
neonstal hepatocellular disease, 434, 435 
oestrogen therapy-associated changes, 420 
parenteral nutrition in necnate/preterm 
itfant, 435, 437 
pre-eclampsia, 248 
pregnancy-assocated changes, 419 
pnmary schercaing cholangus, 243 
Reve’s syndrome, 250 
uisaue distribution, 226 
Wilson's disease, 242 
Amiodarone, 669 
cherspeutic drug montonng, 643, 649-650 
thyroid function tests, 346 
Armmonis 
buffermg capacity, 63 
hepatc metabolism, 221 
Arunonium chloride londing test, 168 
Armhomium excretion 
acidoss compensation, 71, 76 
hydrogen ion homecstass, 63, 66, 68 
chronic renal failure, 74 
Amniocentesis, 415, 416 
adrencleucodystrophe, 592 
adrenomvyeloneuropathy, 595 
DNA analvais, 753 
Fabry's disease, 597 
fetal well-heing assessment, 417 
Gauchers disease, 614 
homocystinuris, 610 
Lesch-Nvhan smdrome, 617 
maternal cestrogens, 417 
meétachromatic leucodvatrophy, 391, 615 
mucopolrsaccharnidoses, 616 
mucopolysacchandosis type Îl (Hunter's 
sndromne), 616 
Sandhoff disease, 613 
urea cycle disorders, 608 
Amoxapine poisoning, 675 
AMP dearinase, muscle physiology, 544 
Araphetarmine abuse, 672 
1n pregnancy, 424 
stress hormons eflects, 370 
hvyreid function tests, 572 
toxicity, 672 
Amphotençn B, 168 
Amplification refractory mutation syeterm 
(ARMS), 750 
o,-antitrenain deficiency prenatal diagrosis, 
754 
cveuc Pbrosis muranons derecrion, 756 
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Amiyliase plasn concentration 
acute pançreatitis, 785-786 
extra-pancréatic causes of clevation, 786 
P isoarmvylase, 786 
S isoamvulase, 746 
Amylase urinary excretion, 786 
Aimvytn, 266 
Amylo-l:6-glucosidase measurement, 551 
Armyloid 
Alzheiner's disease, 567, 380 
APP (f-amvytoid precursor protein}, 
38] 
PAG peptide, 581, 582 
light chain proteinuria, 158 
Amwyloidosis, 504-505 
clinical features, 404 
deposits composition, 504 
baemocialysse, 538 
hereditars forms, 504 
joint mvolvement, 538 
monoclonal mmunogibulhns, 504-5056 
mucosal biopsy, 211 
precursor proteins, 304 
small bowel radiology, 211 
synovial fluid light microscopy, 541 
Amslopectin, 174, 175, 205 
Amslosc, 174, 175, 205 
Anse 
Addison's disease, 322 
alcoholic hepatinis, 243 
chronic renal failure, 137, 140, 364 
folare déficience, 203 
haemoglobin oxygen affinity, 484 
hypothyroidismn, 348 
iron deficiency see Iron deficiency anaemia 
malshsonmtion presentation, 200 
malignant disease, 694, 697-698 
multiple mveloima, 499 
néghrotic syndrome, 154 
pretéren infant, 425 
Analgesics 
nephropathy, 32, 155, 165 
sc poisoning, 660 
Analytical goals, 135 
Analytical imprecision, 12, 13, 18 
Analvucal range, 11-12 
Analytical sources of error, 11-12 
accurecy, Là 
analytical range, 11-12 
interférence, 12 
precision, 12 
specihony, 2 
Analytical vañation 
cacubkinon, 10, F1 
comparison with previous values, 19 
creatinine plasma concentration, 127 
results outside reference lumits. 18 
Androblastoma, 580 
Androgen insensiuvity syndrome, 383-3584 
andregen binding defects, 384 
genetic coumseling, 385 
partial forms, 363, 384, 385 
prenatal diagnosis, 383 
Androgen receptor, 318, 384 
molecular genencs, 384-3585 
mutational analysis, 391 
tussue diétnbution, 584 
Andregen receptor defect 
androgen insensitwity smdrone, 3844 
Rettenstem's syndrome, 406 
Androgen response clement, 384 
Androgen-binding protein LABP', 403 


Androgens 
adrenal, 315, 318 
adrenarche, 347 
age/puberty-associated changes, 321 
congenitel sdrenal hyrerplasra, 326 
Conversion 0 testosteronce, 247 
funchonal assessment, 421 
premature adrenarche, 388 
replacement therapy, 326 
female metabolism, 598-390 
fetal female virilisanon, 377 
hair growth effects, 401 
Levdig cells production, 402 
male genital structures development, 376 
male hypogonadism, 405 
male reproduetive function, 403 
nonsmsulm-dtependent diabetes orellites 
{NIDDM, 266 
CVATLATN 
mensrrual cycle, 594 
structural aspects, 396 
prostauc cancer sumulation, 702 
tumour sécretion, female 
pseudohermaphradiqsm, 480 
adrenal biosynthesis, 318, 369 
sdrenarche, 387 
congenitel adrenal hyperplasis, 379 
conversion to testosteronc, 247 
female metaholism, 398 
hirsutism, 401 
ovaran tiosynthetic pathways, 397, 394 
céstrogens synthesis, 348 
premature sdrenarche, 348 
Angelrnan sndrome, 746 
Angins pectons, 780 
Angiokeratoma corporis diffusuem see Fabry's 
disease 
Angiotensin 1], 731 
Angiotensin II 
formation from angiotensin |, 731 
glomerular filcation regulation, 121 
primary aldlosteronism provocative test, 724 
renal blocd flow regulation, 120, 143 
sepaisiirauma response, 357 
sctrum balance, 26 
prerenal acute renal fulure, 130 
thuirst, 29 
Angicrensin<converting enzyme (ACE) 
angibwtensin Îl activation, 731 
articular diseases, 541 
bradykainin degradation, 731 
genetic vanation, atherosclerosis 
associations, 754 
pituitary mass diagnosis, 309 
Angitensin-converting enevme (ACE: 
inhibitor 
chronic renal fulure, 138 
hyperkalacmis, 56, 57 
mineralocorncoid effects, 321 
Aniline poisonne, 677 
Anion gap, 69-70 
ketoacidosis, 72 | 
mixed acid-base disorders, 81 
Anorchia, 389-390, 406 
clinical features, 406 
Anorexia GÉ malhignant disease, 695 
ANOTEXIS HÉTVOSA 
amenorrhoca, 310 
dclayed puberty, 380 
endocrine effects, 370, 371 
growth hormone, CFTT response, 304 


hypoglivcaemia, 284, 292 
hypokalaemi, 50 
potassium dictar deficiencr, 320 
Antenatal screening, 4, 5 
Anthracine denvative laxatives, 213 
Anthropornetric measurements 
children, 185-186 
Ginumference measurements, 186 
height, 145-186 
nuinoonal status assessment, 185-187 
skinfold thickness, 146-187 
weight, 186 
Antisdrenal drugs, 333 
Anobiotcs, slhumin-bound Hilirubin 
chsplacement, 453 


Antchohnergc drug poisoning, 664 


Antchymotrypon, 228, 736 
Anuconvulsants 
alcohol withdrawal, 588 
folate metabolism, 203 
cstcomalactia, 414 
overdose, therapeutic drug monitoring 647 
rickets, 431 
toxicity, 657 
Antidepresants poisoning, 674-675 
Antchuretic hormone (ADH) se Arginine 
vasopressin (AVP) 
AntiDMNA antibodies, arthrinc disorders, 340 
Anudotes, 664, 665 
Annemetics drugs, 303 
Anti-insulin antibodies, 270-271 
sautoantbodes, 271 
autonmimunc hypoglycacmis, 292 
Antimalarial drugs, 477 
Antimsrechondrial antibodies CAMA), 242 
Antinuclear antibodies (ANA), 539-540 
chronic active sutoimmune hepatitis 
ÉAI-CAH, 242 
clinical uses, 539-540 
immunofluorescence technique, 539 
porphyria curança tarda, 476 
synovial id analysis, 542 
Antioestrogen préparations, 198 
ee 
assay, 7 
free dicais scavengine systems, 770-771 
Antiproteases 
acute phase response, 718 
interleukin 6 (IL6: response, 723 
Antipsvchotic drugs 
homovarilic acid response montonng, 574 
hvperprolactinaemia, 303 
Antipyrine 
clearance, 229-539 
hépatic extraction tauo, 229 
ABstsperm antibodies, 490, 444 
Anathrommban Ill, 153 
Antthyroid antibodies, 335 
Agothyroid drugs 
thyroid crisiserorem, 342 
thyroid disease screening following, 354 
thyroid peroxidase inhibinon, 332 
transplacental passage, 335 
TSH-secreung piiultary adenoms, 346 
&.-Antierpsin, 228, 754 
actions, 736 
acute phase response, 730 
gene lwalation, 740 
genenc polvmorphiem, 754 
ILS response, 723 
ccstrugen therapy-associated changes, 420 
PT (protease inhibitor) gene, 754 


a -Antitrypsie (cond 
pregnancs-associnated changes, 419 
S mutation, 734 
Z vartant, 742, 754 
peut Mutations 77% 
&.-Antiirypun deficiency, 228, 253-253, 745 
.-snttrypsin plasma concentration, 242, 
273 
amnotransierascs clevanon, 23% 
choical features, 754 
gene therapy, 260 
genetic analysis, 754-755 
isoclectris focusing phenot-ping, 754 
Hiver discase. 253, 436 
chronic active hepatitis (CAH), 242 
noonatal conrugated hypertmhrubinaerua, 
433 
pathology, 752 
PiZZ homozveous state, 435, 754 
screening 10 childhondd, 74 
Anurisa, 123 
Anocety csorders, 571-572 
catecholamunes, 564, 5%1 
hypercortisolhism, 472 
hvperventilation sndrome, 572 
hypoglvcsemis, 283, #72 
neuroendocrine responses, #61 
neurotranemitter systems, 576-578 
cholecvatokimun (CCR), 576 
endogenous opnonl pepndes, 576 
GABA /bensocdinsepines, 576, 577 
noradrenaline, 361, 576, 577 
serotonergsc (5-HT} systems, 576-577 
organic disease differentiation, 572 
thyrotoxicosis, 570, 571-572 
se aho Panic attacks 
Aorne aneurysm, 179 
Apnoes of prematurity, 425 
Apo 4-{, 624 
chylomacrons, 625 
genetic varants, 758 
high density hpoprotein CHDL), 637 
Apo A1 deficiency, 634-635 
cimacal features, 644 
combined apo C-IU deficiency, 634-635 
molecular genetics, 634-635 
Tangier disease, 635 
Apo À-I structural abnormahty, 635 
Apo Alu asso 65 
Apo À-Ï], 624 
chrlomicrons, 625 
genetic vanants, 755 
high densiey Hpoprotein (HDL), 627 
Apo ÀA-Ïl deficaence, Tanger disesse, 435 
Age A-IV, 624 
chyhonmcrens, 625 
Apo B, 757 
atheroma formation, 622 
genetic vanants, 7137, 138 
hpogrotemn disérders see 
Dsbetalhipoprotemaerms 
truncated form routations, 632 
chrlomicron retention disease, 641 
chrlommicrons, 625 
hepatic degradation, 626 
Apo B-100, 624-625 
familial combined hyperlipidaemia (FCH}, 
631 
familial defective, 632, 757 
gencuc analvss, 797 
hyperapobhetalipoprotemeaernis, 631 
low densite hpoprotein (LDL), 627 


low density hpoprotein (LL) receptor 
binding, 627, 628 
néphrotic smdrome-asociated 
erproduction, 636 
nonnotriglycendaemic Cf 
hpoprotenacmia, 631432 
very low density lipoprotein (VLDL), 626 
Apo C-I, 625 
very low density hpoprotein (VLDL), 626 
Apoa C-Il, 625 
chylomicrens 
atuquisition in plasina, 625 
transfer 10 HDL, 626, 627 
Lpoprotein lipase (LPL) activation, 628 
LPL-mediated hpolysis of VLDL, 627 
very low density hpoprotem (VLDL), 626, 
627 
Apo C-II deficiency 
chrlhummiecronsemis syndrome, 632 
chiical features, 632 
Apo CTI, 6235 
chrlemicrons 
acquiation in plasma, 625 
LPT. hvdrolysis regulation, 626 
transéer to HDIL., 626, 627 
vers low density hpoprotein (VLDL.}, 626 
transéer HDL, 627 
Apo C-Ifl'apo Al combined deficiency, 
654639 
Apo D, 425 
Apo E, 625, 627, 757 
chélomicrons 
acquisition in plasma, 625 
remnants, 426 
transfer to MDL, 627 
genetic varants, 757, 738 
bigh denaty hpopeoten (HDL) acquisition, 
627 
mtermediate density hpoproteins (DL) 
hepatic uprake, 627 
Fremnants, 627 
isoforms, 625 
low density lipoprotein {LDL) receptor 
binding, 627, 628 
very low density lipoprotein (VLDL), 626 
remanants, 827 
transfer to HDL, 627 
Ano E deficency 
chélomicron remnants accumulation, 626, 
627 
intérmediate densiry ipoprotein (DL. 
accumulation, 627 
remnant hyperlipoñrotemaernma (WHO 
type FIEF, 632 
Apo E receptor, 627 
Apo E2, 625, 757-758 
chrlonncron remmante accumulation, 626, 
627 
hrpothyroidism-assocatecl 
dysbetalipoprotemaemia, 636 
intermediase density lpoprotein (LDH) 
accumulation, 627 
réceptor binding acuvity, 757-758 
rémnant hypérlipoprotenaenns (WHO 
tvpe HI}, 652-633 
Apeo F3, 625, 757 
Apo Ed, 625, 757 
common bypercholeserolsemia (polygemie 
bypercholesterolaenna), 634 
Apolhpoprotein À, 624 
Apolipoprotein B, 624-4625 
chviomicron svntheus, 209 
molecular biology. 625 
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Apolipoproten C, 625 
Apohpoprouin D, 623 
Apolipoprotein Ë, 625 
méssurement, 639 
Apolipoprotein(a) (apo(ar), 625 
Apolipoproteins, 624-625 
funcrions, 624 
messurement, 630 
nephrotic syndrome, 154 
Apomorphine, 410 
Apoprotein B deficiency, 593 
APP {f-amyloid precursor protein} 
Altheimer’s disease, 561-585, 584 
géné mutations, 581-582 
tysosomal metaholiem, 583 
metabolic pathways, 583 
molecular genetics, 581 
usommy 21 Down's syndrome), 543 
APUD cell hormone tumour markers, 714 
APUD tumours, 712 
hormone secrenon, 712-713 
Arachidomc acid mersbolism, 623, 726 
cyclo-oxygenase pathway, 623, 726 
reactive oxygen species, 708, 704 
essential fatty acids, 175 
hd perodidanon, 766, 787 
lipoxygenase pathway, 623, 726 
rmaligmant bissue, 644 
Arginase deficiency, 448, 449, 607 
amino acid plasma concentration assay, 608 
enryme assay, GUS 
prenatsl diagnosis, 608 
Arginme deficiency, 607 
Arginine infusion tesr, 296 
Argnine vasopresan, (AWPFS 
alcoholism, 566 
basal hormone investigauons, 298 
chronsc dilutional hyponatraena, 46 
chronic renal failure, 36% 
control of secretion, 29, 297 
cortiontrophin releaung factor (CRE), 297 
diabetes insipidus, 37, 38 
éCropic sécrétion 
molecular biology, 640 
small cell lung carcinorna, 660 
simdrorne af inappropriate antidiurene 
honmence, 696 
fetusneconate. 427 
fever regulation, 359 
hypertonic saline infusion response, 41 
hypodipac hypernarracrmia, 42-43 
metabolic response to injury, 356, 357, 736 
nephrotic sndrome, 153 
csmorcegulation, 28-279 
postenor pituitary release, 28, 296 
FTCENANCF, 38, 39-46 
prerenal acute renal failure, 150 
renal actions 
collecting duct, 123 
distal convoluted rulbrule, 120 
glomerular fihration regularion, 121 
renal blood flow, 143% 
renal responsveness, 20 
sodnim balance, 27 
warer reabeorption, 123, 140, 207 
schirophrenis, 369 
starvanion, 368 
synthesis, 24 
water deprivation test, 300-301 
Argnmesuécinate lyase deficiency, 607 
amuno acid plasma concentration assay, 608 
ensyime assay, GA 
prenaial diagnosis, 608 
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Argininosuconmate synthase deficiency, 449, 
607 
amno acid plasma concentration assay, 
G0S 
enzyme assis, 408 
prenatal diagnosis, 608 
Argmosuconase deficiencr, 449 
Argnosucomc aciduna (argmosuccinasé 
defcency), 449, 607 
clinical features, 607 
Aromatase, cvanan bicsynthenc pathrwass, 
307-708 
Aromatic amino acid decarboxylase (dopa 
decarboxylasc), 681 
Arsenic toxicity, 155, 670 
Arteral oxvéen content messurerment, #3 
Artbrins, 534-537 
obesitr sssocianon, 193 
Pages disease of bone, 526 
Articular cartilage, 533 
Articular disease, 534-342 
atticular system primary mvolvément, 
S#+-577 
gencralzed disease associations, 537-539 
laboratory invesrigations, 519-542 
acute phase response, 940-541 
antinucleur antibodies, 539-540 
nuchear/eytoplasmic antigens, 540 
pleural flux analysis, 542 
rheumatoid factor, 339 
synovial fluid analyvais, 541-542 
urine analvus, 542 
Auticukar system, 533-534 
Arvisuiphatase À deficiency see Cerebroside 
sulphatase deficiency 
Assuridine, 536 
Actes 
bacterial peritonitis, 340-350 
cœuses, 245 
cirrhosss, 244-2746 
disgnostic tap, 245 
laboratory investigations, 245 
liver function tests, 245 
protein measurements, 24% 
treatment monitoring, 245-246 
Ascorbic acid see Vitamin C 
Aspartate aminotransferase (AST"), 226 
acute hepantis, 238, 239 
acute liver failure, 240 
élanine aminotransierase CALTS rotie, 243, 
244 
alcoholic hepatitis, 243, 244 
alkaline phosphatase (ALP rano, 226, 240 
scpate porphyriss, 253 
mitochondrial iscenzyme (mAS'T, 226 
mvocardial infarction, 781, 782 
prognancy-dssociated changes, 419 
ussue distribution, 226 
total parenteral nutnton (TPN:, 249 
Wilson's disease, 251 
Aspirnin, 47 1 
mode of action, 624, 727 
poisoning ré Salhcylate poisoning 
Reve's sendromc associations, 667 
Astrocytoma, 387, 349 
Ataxia, 593-5935 
Ataxia telungiectasia, 270 
Atenolol, 291 
Atheronra formation, 625, 774 
fatty streaks, 622 
Ébrous plaque, 622 
foam cells, 622, 774 
LDL oxidation, 622 


LDL uptake, 622 
mohocyte chemotaus, 622 
Athervsclerosis, 757-758 
athéroms formation, 622 
CETP deficiency, 635 
coronary heurt disease, 621-622 
dubetes mellitus, 266, 271-272 
cicosanosds meétabolien, 624 
familial hypercholesterolaemia, 033 
familial LOAT deficiency, 635 
genenc analysis, 757-758 
lpoprotein associations, 621-623 
rcactve oxygen species, 774 
rermnant hyperlipoproteinaernia (WHO 
tvpe D}, 633 
syndrome X, 467 
ursemic syndrome, 137 
ATPase cytochemistry, 552 
Anal natriuretic peptide CANF) 
chrome liver disease, 35 
chronic renal failure, 565 
diabetes mellitus, 273 
ectopic tecretion, 696 
élornerular filrration regulation, 121 
hypotensive actions, 27 
nätrurchic achons, 27 
neonate, +26 
nephrotic syndrome, 35 
pre-cclampaia, 35 
in pregnancy, 35 
structural aspects, 27 
Atropane, 669, 670 
Augmentation cysoplasty, 52 
Auranofin, 534 
Autocrines, 717 
Autimmune disease 
Addison's disease, 321 
sntinucicar antbodies (ANA, 540 
articular disonders, 534 
thvroid discute screening, 354 
Autoimnmune haemolyüc anseris 
hrect antigiobulin test, 465 
malignant disease associations, 697, 698 
red cell fragility, 461 
red cell morphology, 459 
Autoimmune hypogiycaemis, 283, 292 
Autoinumune isubn syndrome, 292 
Autoinmunc thyroiditis 
bypothyroidism, 351 
postpartum, 352 
thrroglobulin autoantibodies, 340 
thyroid peroxdase autoantibocdies, 34€ 
trañsient hyperthyroidism, 35] 
Autonomic response 10 hypoglycaemis, 282 
Autosomal dominant inheritance, 744, 745 
Autosomal recessive inheritance, 744, 745 
Aoollary hair growth, 385, 386, 388 
Azapirones, 576 
Azathioprine, 244, 534 


B cell growth factor-1, 500 
B cell malgnancv 
Bence Jones proteinuria, 157 
monocloncal immunoglobulin amyioidosis, 
504 
Paragroteinacnia, 49%, 496 
Bence Jones proteins, 497 
free light chans, 497 
B cells 
DNA rearrangements, 494 
immunogiobuln synthesis, 494-495 
interleukin 6 (IL6} response, 733 


B-IGVE receptor see Low density hpoproten 
éLDL} recepror 
Bacterial diarrhoca, 51 
Bactenial endocardins, 152 
Bactieñal infection 
liver function tests, 249-250 
respiatorys alkakosis, LOS 
Bacteral meningitis, 559, 562, 563-564 
Bactenal overgrowth, 210, 212 
Bscteriurns, 125 
Barbirurares 
abuse in pregnancy, 434 
drug-nduced acute porphyris, 479 
folate metabolism, 203 
pononag 
activated Charcoal treacment, 664 
cutaneous blisters, 661 
Baruem mgestion, 30 
Bartter's syndrome, 53, 54 
Basal metabolic rate (BMRK) 
méasarement, 158 
thyrod statue, 336 
traumasepes response, 359, 356 
Buse excess, 69 
Baseline tests, 3 
Basic calcium phosphate deposition disease, 
535, 536-537 
Bassen-Komrweig disease see 08 
Lipoprotéinaems 
Becker muscular dysophy, 756 
Beckwuh-Weidemann syndrome, 377, 380 
Beer potoman:s, 44-45 
Bence Jones protein, 497 
amyloidosts, 504 
benign paraprotcinacmia, 505 
heavy chain diseases, 502 
multiple myeloma, 498-499, 54 
proteins, 156, 157-158, 497 
solhtury plasmacytoma, 501 
tumour marker, 495 
Waldenstrom's macroglobulinaerua (NM, 
s02 
Benign paraprteinaenms, 503 
Benthromarone, 5346 
Bensediazepine receptors, 377 
aniety disorders, 577 
endogenous ligands, 577-578 
Benzodisrepines 
endocrine effects, 370 
CA BA neurotransmitter actions, 577 
pesoning, 661, 674 
combined alcohol overdose, 671, 674 
combined drug ingestion, 674 
flumazenil antdote, 674 
Beriber, 179 
Bervihosis 
granulonma calciemol synthesis, 92, 96 
hypercalkcaemia, 96 
Beta blockers 
acute intermittent porphyna (AÏP), 471 
caroromiets, 660 
chronic renal failure, 138 
clderly patents, 57 
Graves disease, 345 
hypogvcaenua, 28%, 291 
diabencs, 287 
with renal impawiment, 259 
lpogrotein effects, 636 
minerulocortcoid effects, 321 
phacochromocsrionma, 338 
potassium plasma mcrease, 55 
thyroëd crs/storm, 342 
transient hyperthyroidiem of thyroiditis, 351 


Betn'A4 penude 
Alzheimer’'s diseuse, 561, 582, 583, 554 
treatment monitoring, 544 
in Giro neurotoxicity, 581 
Beta-adrenergic agonists, redistribution 
hypokalsemia, 56 
Bicarbonare buffer system, 62-63 
lactate metabolism, 65 
cn-réspiratory acidoss compensation, 70 
respiratort audios, 75 
Bicarbonate infusion 
acute uric acid néphropaths, 696 
hyperkalaemia, 58 
ketoacidosts, 277 
lactic acidosis, 73 
nof-réspliiatory Acidosis 
indications, 72 
oxygen delivery to tissues. 71 
procedure, 72 
rapid correction, 71 
rebound phenomens, 72 
preterm infant, 42% 
renal tubular acidosis type I {distal}, 168 
renal rubular acidosis cype I (proximal}, 
Lei 
ticyclic antilepressants poisoning, 675 
Bicarbonate mgestion 
renal tubular acidosis type Î (distal}, 74 
renal tubular acidosis type Il (proximal), 74 
Bicarbonate pancreatic secretion, 208 
Bicarbonate plasma concentration 
acid-base status assessment, 69 
acids 
non-respiratory, 71 
FEsEIrAtOTY, 70 
alkaicsts 
non-respirators, 77, 78 
respralOry, 19 
muscle disense, 548 
redisinbution hypokalsema, $0 
renal tubular acidocs, 167-168 
standard bicarbonate, 69 
Bicarbonate production 
carbon dioxide metabolism, 63, 64 
inctute metaholism, 65 
Bicarbonate renal metabolism see Reral 
bicarbonate reabeorpoon 
Biceps skinfold thickness, 186 
Biguanides, 248 
Bile 
composition, 221 
hepatic secretion, 221-222 
micelle formation, 208 
tnacylglvcerols emulsification, 208-209 
Hile acid synthesis metaholic defect, 435 
Bile acids 
cmierohepatic Circulation, 221, 232 
functional peus : 4 


hepatic synthesis, 22 
hver funchon tests, 226-220 
peroxisomal “pair era of itermediates, 
491 
plasma concentration (PRA) measurement, 
2232, 224-229 


Bile ducts, 219 

lobule anatomy, 218 

patency tésts in neonate, 233 
Büe pigments, 2233, 224 

heemolysis investigation, #60 

inherited metabolic defects, 232 
Bile suite 

bacterial déconçugation, 212 

fat absorption, 210 


small bowel FSC, 211 
Bil-albumin, 225, 238 
Hiliury atresia 
bilé duct patency tests, 233 
nconatal conjugsted hyperbilirubnmaena, 
435 
Biliary canaliculi, 219 
Biliary crrhosis, primary, 242 
alkaline phosphatase plasma clevation, 225, 
234 
angorensin-converting enzyme (ACE), 541 
aricular disorders, 534, 537 
autoimmune hypogivcacmia, 292 
bilirubin plasma level, 234, 234 
hyaluronate plasma concentration, 230 
Hiver function tests, 242 
hiver transplantation, 2535 
brognosis assesument, 3, 244-735, 242 
prognostic index (PT), 235 
serological tests, 242 
Biliary obarruction 
alcoholic pancreattis, 243 
bile duct patency tests in néonaté, 233 
fat malabsorption, 210 
jsundice, 231 
sérum alkaline phosphatase, 235% 
uninary urobmlimogen, 231 
Bilirubin, 223-225 
albumin binding, 223%, 224, 225, 238 
cerebrospinal fluid (CSF), 558 
detecoon, 598 
subarachnod hseméerrhage, 565 
conjugated 
detection in plasma, 224, 225 
haemolyss-assocratecd morcase, 458 
conversion to bile pigments, 433 
creatinine plasma assav interference, 126 
emierohepatic croulsnon, 223, 433 
format, 223 
hepatic conpugation, 224, 433 
nécnatal metabolism, 432-443 
secretion in tuile, 223, 433 
transport to liver, 223 
unconjugated, 223, 224 
Bilirubin plasma concentration 
abnormalities in asympiomatic patients, 
233 
acute hepatitis, 238, 239 
determination methods, 324-225 
haemolvsis inveshiganon., 460, 465 
liver disense prognusts assessment, 234.235 
prehepatic jaundice, 231 
primary biliary cirrhosis, 3, 242 
reference range, 16, 224 
see also Hyperbilirubinaermis 
Bilirubinometers, 14 
Biirubinuria, 231, 258 
Biiverdin, 223 
haemolysis-associated metabobam, 458 
Biiverdin reductase, 223 
Biochemical data acquisition, 7-14 
Biological variation, 10-11 
analytical varsstion calculation, 10, 11 
companson of resules math previous values, 
13 
comparison Qf resulrs with reference limits, 
LE 
creatinine plasma concentration, 127 
extrinscintninsic, 10, 11, 19 
mtenmodmmdunl sanation calculanon, 11 
mtirandvuduel variation calculation, 10-11 
Boptenn metabolism defects, CSF 
investigations, 566 
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Biotin, 181 
dietary sources, 181 
funcucnel aspects, 181 
mtestmal sbsorpuion, 179 
pyruvate kinase activity, 444, 447 
status assessment, 191 
Biotin deficiency, 181 
Hicun-denendent carboxylases, inbomn errors, 
444 
Biotinidase deficiency, 444 
Biotransformation, Repatic, 219, 221 
Bipoiar affective disorders 
clectroivte abnormality, $79 
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Buserehin acétate, 401 
Butane abuse, 673 
Bvier's disease, 435 
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apnoes of prematurity, 425 
clearance, 230 
hepatic catabalism, 426 
hepatic extraction ratio, 229 
preterm infant 
Muid'electrolvte balance, 427 
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réspiranory acidongs, 75 
bufler systems, 76 
renal hydrogen son excretion, 76 
Carbon dioxide transport, 63, 83-84 
Carbon monoxide, neurotransmitter actions, 
130 
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muscle disease-associared elevation, 548 
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ACTH-dependent Cushing's syndrome, 
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metastanc liver tumours, 249 
néphrotnic syndrome with malignant disease, 
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Carcmogenesis, réactive GXYEEN species 
involvement, 772 
Carcinoid crisis, 680 
Curcinoid syndrome, 678, 703 
biochemical mvestigations, 681 
carcinoid crisis, 680 
chinical features, 680 
glucose intolerance, 270 
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serionn biosynthesis, 6#1 
serotonin effects, 729 
treatment, 682 
trymtophan metabolism. 680-481 
tumour localcation, 682 
Caranoid tumours, 679-682, 703 
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S-hydroxpindoles secretion, 679, 703 
multiple endocrine neoplasis 1 (MEN P, 
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pathology, 679 
pepude hormone secretion, 679 
scronin brossmihesis, 681, 695 
serotonin oxidative deamination, 68! 
treaiment, 682 
trypiophan metabolism, 680-681 
Cardiac arrest, 55 
Cardiac enzymes, 780, 781-7834 
myocardial mfarction, 741 
Cardisc glycoside antidotes, 660, 664 
Cardiomeopathyr, 553 
Cardioroxic poisons, 660 
Cardiovascular sreténn 
across, 7], 76 
dabetic ketoncidosis, 277 
hypermagnesaenua, | 12 
hypocalcsemua, 99 
hypomagnesscous, 111 
respiratory alkalons, 79 
urnermic syndrome. 137 
Carnitine 
chetary requirement, 182 
fatty acid metalbohsm imbom errors, 446 
muscle defects, 553-554 
metabolism, 445 
peromsomal processes, 451 
Cammitine acvl trannferases, 554 
Carniine deficiency, 554 
Camitine palemiroyl transierase deficiency, 
446 
muscle fatty acid oidanion defects, 554 
Camitine palmitoyl transferase L 544 
Carnitine palmitoyl transferase Il, 544 
Carnitme translocase, 544 
G-Carotenc, dietary, 177, 178 
Carotenes 
assay, 746 
chetary intake estimation, 189 
free radicals scavenging, 770 
plasms measurement, 189 


Carotenoids, cercbrospinal Quid (CSP, 558 
Camnier state, 744, 762 
DNA analvas, 761 
population frequency calculation, 745 
screening programmes, 753, 794 
X-linked inhentance, 745 
assay, 776 
hydrogen perde removal, 771 
Caramenial variation, 9 
Cataracts, 99 
Catecholammes 
ucnons, 327 
adrenal medulla production, 327 
aniety disorders, 569, 571 
chromc renal failure, 365 
glucose regulanon, 249 
hyrpoglycaetms response, 282, 429 
metabolié response 00 injury, 4, 355, 356, 
118, 719 
leukocyioers, 736 
nconatal carhohydrate metabolism, 428, 
429 
phacochromocytoma, 128, 572 
urinary excreuon, 326, 686 
phosphate redistribution, 103 
potassrurn chstribution, 30, 50 
receptors, 327 
social stress response, 360 
starvation, 366 
Cation exchange resins, 31 
Cavernous sinus syndroemx, 302 
cDNA, 762 
Cellular aspects, 717-738 
Cellulose, 184 
Central nervous system (CNS) 
acidosis effects, 71, 76 
hypoglytaemia symptomes, 282-283 
Central nervous svstem (CNS) diseases, 
563-507 
create kmase (CE) elevaton, 549 
Central ponte myelinolyus (CFM), 48, 590 
Central venous pressure monitoring, 131, 
133 
Cephalosponns. croatinine plasma assay 
inerference, 126 
Ceramide rihexcadase (o-galacrosidase 
deficaency see Fabry's disease 
Ceramude trhexosidase assay, 597 
Cerebellar degeneranon, subacute, 701 
Cerchral abscess, 563 
Cerebral hypoxis, CSEF changes, 559 
Cerebroside sulphatase (arylsulphatase A) 
assay, 590, 615 
Cerebronde sulphatase (arvlaulphatase À) 
deficiency 
metachromans leukodystrophiés (MLD), 
590, 614 
psudodefcency, 591 
Cerebroside sulphur sulphatase, 591 
Cerebroside f-glucosidase ser 
CGilucocerebrosidasc 
Cerebrosmnal Quid (CSF), 557-667 
aiphafetoproten (AFP), 709 
amino acid levels, 566 
appearance, 558, 5603 
bilirubin detection, 558, 565 
biopterins, 566 
C-rvactive protein, 564, 505 
cell count, 563, 365 
cells, 558 
circulauon, 5957 
cisternalventriculat fluid analysis, 563 


clot formanuon, 558 
compotition, 557-558 
creatinine kinase brain is0enzyme, 566 
enzymes, 3601 
Dow reducnon measurement, 561 
CSF albumin, 561 
CSF prealbumin: albumin, 561 
CSF total protein, 561 
formatnion, 557 
Cram stain'spun deposit, 563 
héern detection, 558 
homovarulhc acid, 574 
human chononic gonadotrophin hCG}, 
709, 719 
gr ohgoclonal bands, 561, 565, 568 
acute CNS mfections, 564-5604 
central nervous system disorders, 
567-561 
CSF oto-rhmorrhoes, 565 
dementias, 506-587 
Crullain-FRarré syndrome, 566 
hydrocephatus shune obstruction, 565 
immune response detection, 565-566 
mherited metsabolic disease, 566 
wtracranal tumour, 565, 709, 710 
Korsakoff syndrome, 588 
hambar spine lesions, 56% 
malignant diserse, 566 
roultiple scherosis, 565 
neurosyplulis, 566 
obatructuon, 564-565 
schizophrenia, 574 
subacute sclerosing panencephaliris 
(SSPE), 565 
subarachnod hacmorrhage, 565 
trauma, 364.565 
3-methosy-+-hydroxyphenvliethylens glycol, 
568 


pigmentauon, 558, 565 
pressure, 958 
pyruvate, 559, 566 
samphing technique, 558 
specinen handhing, 557 
au protein, 509 
turbidiey, 558 
Cercbrosponsl Huid (CSF) clectrophoresis 
blood-brain barrier permeabaliry 
assessment, 560, 56] 
intrathecal Ig synthesis assessment, 561 
intrathecal 1eG ohgoclonal banding, 561 
transterrn tau band, 565 
Cerchrospinal fluid (CSF} glucose, 558, 559, 
__ 265, 566, 507 
CSF otorhimorrhoes, 565 
CSF-plasma glucose ratio, 559 
malignant leptotmeningeal infilrration, 566 
mechanisms of alreration, 356 
merungins differential diagnous, 563-564 
Cerebrospanal fluid (CSF) 
S-hydroxymdolescenc acid, (5-HIAA) 
alcoholism, 576 
depression, 578 
schuizophrenia, 374 
sicidal behaviour, 378 
Cerebrospinal Muid CSP) lactate, 559, 567 
elevatson, 5600 
meningitis differential diagnosis, 564 
miochondral disorders, 566 
pvruvate metabolism defects, 566 
respuratory chain défects, 552 
Cerebrospinal fluid (CSF); ote-/rhinorrhoea, 
563 


Cerebrospinal fluid CCS) (caf) 
CSF transiernin tau protein, 563 
piuitar tumour, #02 
Cerebrospinal fluid (CSF: protein, 559-5631, 
366, 567 
age-related values, 560 
B.-microglobulin, 562-563 
bloud-bran bamer permeabiliry 
assessment, 560-561 
bramn-specific proteins, 562 
C-reactive protein, 562 
causes of elevation, 560 
flow reduction measurement, 561 
Cruillain-Barré syndrome, 566 
Igts qualitative identification, 561, 565, 
566 
lé quantitation, 561 
intracraninl mélastanc disense, 566 
méningitis differential diagnosis, 563-564 
metachromatic leukodvstrophies (MLD), 
590, 615 
neopterin, 562, 563 
obstruction-associated elevation, 565 
paraprotein, 566 
plasma-derived, 559-560 
Refeum's disease, 596 
total protein mensurement, 560-561, 566 
Cerebrorendinous xanthomatosis see 
Cholestanalonts 
Charçoaï, activated, poisoning management, 
Gé, 665, 667, 609, 674, 679 
Chelation therapy, 489, 669-670 
Chemotheraps 
acute uric acid néphropathy, 606 
hvperkalaemia, 56 
Chest pain, acute, 779-785 
aortic ancurysm, 779 
causes, 779-780 
chinical features, 779 
mycocardial infarction, 779, 780-741 
mvyocardial ischaenia, 779, 780 
prescnung futures, 779 
pulmonary embholism, 779 
Chester porphyna (dual porphyria}, 477-478 
Children 
growth raté méssurement, 185-186 
iron requirement, 201 
parenteral feccing, 198 
protem-energr malnutntion, 192-193 
clinical classification, 192-193 
kwastuorkor, 192 
marasmus, 192 
weight measurement, 186 
Chloral hydrate poisoning, 661 
Chloramphenivcol 
overdose in neonate, 660 
therapeutic drug monitorme, 650 
Chloride 
hypercalcacmia investigation, 98 
muscle disease, 548 
renal handling in loop af Henle, 1232 
Chlonde-loung diarrhoen 
congenital, 52 
metabolie alkelostehypokalaemia, 51, 52 
Chlormethiazole, 588, 664, 471 
Chloroguine, 477, 534 
cardiotoxcty, 668 
poisoning, 668-669 
Chlorpromanne, 303, 471, 673 
Chiorpropamide, 41, 273, 291 
Chlorthalidone, 52 
Cholangocarcinoma, 243 
Cholecalciferel se Viarmio D, 


Cholecestokinin (CCK) 
bulimia nervosa, 371 
insulin reléase response, 260 
neuretransmission 
anxiety disorders, 576 
schizophrenis, 575 
satietry effect, 371 
Cholecystokinin octapeptide, 572 
Cholesranolosts (cerebrotendinous 
ranthomatosis), 544 
Cholertasis 
alkatine phosphatase, 225 
lipoprorein X, 625 
“nucleotidase, 227 
Cholesterol, 622-623 
absorption, 209, 625 
adrenal stercidogenic pathwuys, 316, 317 
asCites concentration, 24 
bile acid metabolism, 221, 222 
biosynthesis, 220, 221, 622-6233 
chylomicrons, 625, 626 
remnants, 626 
dhetary intake, 175, 208 
chgeston, 209 
essential fatty acids in metabolism, 175 
funérional aspects, 622, 623 
enctic variation in metaboliem, 758 
heparic metabolism, 220, 221, 626 
rémnants uptake, 626 
VLDL secretion, 626 
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LODEL cholesterol, 638, 639 
total cholesterol, 638, 639 
hpoprotein, 621 
dyshipoprotenaenia, 638, 638 
lysosomal release, 627 
Structure, 624 
modification in plasma 
acquisition by chylomicrons, 623 
acquisition by HDL, 626, 627 
ovarian steroid biosmthesis, 306, 397 
side chain cleavage, 397 
testostérone bosvnthens, 403 
transport, 621, 028 
MNiemann-Pick disease, 614 
Cholesverol desmolase deficiency, 32 
Cholestérol plasma concentration 
hypothyroidism, 336 
ischaemic heart disease association, 16, 
621, 654 
penene aspects, 747 
malignant disease, 604 
neñr-patient testing, L4 
néphrouc syndrome, 154 
normal range, L6 
cestrogen therapy-sssocated changes, 421 
pregnancy, 419 
sex-related variation, 9 


see ae Hypercholesterolaemmia; Low density 


hpoproreis (LDL); Very low density 
hpoprotein (VLDL:; 
Cholestersl ester transfer protein (CETP), 
628 
cholesterol transport, 627, 628 
Cholesteryl ester transfer protein (CETP) 


deficiency 
HDL metabolism disorders, 635 
| HDL plasma concentration, 627 
Choline aceryltransferase (CAT definency, 
583 
Choline, dierary, 181 
Cholinesterase inhibhitors, 660 
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Chondrocalcimosis, 536 
Chondrodysplasias, 531 
Chortocarcinoma 
hCG prognostic indicator, 706 
chyroid hormone sécretion, 547 
tumour markers, 107, 110-711 
diagnoms, 710-711 
molar pregnancy screening, 706, 711 
prognosis, 711 
Chononic vilus sampling, 415, 416 
adrenoleukodystrophy, 592 
adrenomyeloneuropathy, 595 
DNA anaivais, 133 
Fabry’s disease, 597 
Gaucher's disease, 614 
haemoglobinopathtes, 491 
2l-hydroxyinse deficiency, 380 
Krabbe's leukodwstrophy, 541 
Lesch-Nvyhan syndrome, 617 
maple avrup urine disease, 611 
métachromenc leukodvstrophies (MED, 
615 
Tay-Sachs discase, 613 
urea cycle dsorders, GS 
Chromuum, 184 
body stores assessment, 142 
deficiency, 184 
dictary sources, 184 
functional aspects, 154 
supplements, laboratory monitonne, 192 
toxicity, 155, 184, 192 
Chromosomal abnormalities 
female gamete formation, 744 
fetni screening, 415 
fetal tissue sampling techniques, 416 
heterodisomv, 746 
isodisomys, 746 
mental handicap, 603 
pnmary hypogonadism, 389 
sex chromosomes, 3581 
trisomy see Trisomies 
Chylomicron retention disease 
(hypoberahpoprotenaemes with 
selected detetion of apo B-48), 631 
Chylomicronsemia smndrome, 632 
apo C-II deficiency, 642 
chinical features, 632, 637 
faimlial looprotein hpase mhubiter, 632 
Lpopratein hpsse (LPL) déficiency, 632 
Chylomicrons, 624 
af-lipoproteineenia, 593 
apo À-1, 625 
apo À-I, 625 
apo A-IV, 624, 625 
apo B-48, 624, 625 
apo C-Il, 625 
Rp C-TIL, 625 
apo E, 625 
spolipoproteins, 625 
atherogemicnty, 622 
gross appearance of plasmia/senam sample, 
638 
hpoprotein hpase CLPL) bydrolysis, 
625-4626 
modification in plasma, 625% 
apolhpoproteins acquisition, 625, 626 
transfer of components 10 HDL, 627 
iniglvcerides incorporation, 623 
mucosal cell synthesis, 209 
reminants, 626 
cholestersl ester transfer from HD. 627 
removal, 625 
synthesis, 625 


802 INDEX 


Chymotrypsin, 207 
à.-Chymotrypsainogen, 723 
Circachian rhythm, & 
aérenaconticotrophic hormone (ACTH;, 
2935, 320 
aldosterone, 324 
corticotrophun relcasing factor (CRE), 3947 
cortisol, 9, 319 
glucose plasma concentration, 274 
imsulin, 274 
testustorone, 403 
thsrnd-stimulating hormone (TSH, 297, 
334 
urinary protein excretion, 147 
Circurmference méssurements, 186 
mid-arm circumference (MAC, 186 
waist ip rano, 186 
Cirrhons, 244-248 
alcohohc ver disease, 247, 671 
ascres, 244-246 
carbohydrate intoisrance, Z$$ 
chronic active hepatitis (CAH! progression, 
240, 241 
complications, 244 
cysuc fibrosts, 253 
glucoregulatury defects, 271 
glycogen storage discase type [V, 254 
hepauc encephalonathe, 244 
precipitating factors, 246 
hépatocellular carcinoma, 249 
hereditary fructose intolérance, 254 
histologicai diagnosis, 244 
hyperglycaemis, 365 
hyrernmeulinacmia, 365 
hypoglycaenia 289 
liver fmcnon tests, normal aith alcohol 
absnnence, 344 
liver pathology, 244 
pitutary dysfunchon, 247 
renal failure, 246 
sex harmonca'sex honmmone-binding 
proteins, 247-248 
rounaemis, 253 
vitamin D levels, 67 
Cisplarin treatment 
hypomagnesserrua, 53, 696, 703 
nephrotesmots, 696 
potassm loss, 53 
Citrate-glucomc acid solutions, 112 
Citraced blood products, plasina calcium 
assay, 95, 100 
Carullinsemis (arginosuccinic acid synthetase 
definency) 449 
Classification of test results, 20 
Clearance, renal, 125 
Chmiçal applications, 1-5 
diagnomus, 2-3 
management, +4 
screcning, 4-3 
Clinicai diagnosis, 2 
ovulation induction, 396 
superovulation, 401 
Ciomiphene test 
amenorrhoca, 298, 3{K, 310 
pinsitarv-hypothalamic function in men, 


prnocol, 410-411 
Clonazepam, 471 
Clone, 762 
Clomdine, growth horimenc réserve 
hssesstent, 200 


dépressive Ulness, 579 
Clotting cascade, 731-732 
extinsic activanon pathway, 131-732 
intrinsic {contact system) activation 
pathway, 731 
Ciotting factor defects 
acute liver failure, 240 
hypothyroidiem, 348 
mulnple myeloma, 500 
néphrotic syndrome, 153 
Clorapine, 575 
CNP, 27-28 
Cobalamn ser Vitamin B,, 
Cobule, 204 
diétary, 182 
Cocaine abuse, 673 
in pregnancy, 424 
Cocksync's cyndrome, 618 
Codoininant inheritance, 745, 762 
Coeliac disease, 199 
defayed puberty, #91 
diarrhoea, 213 
folate malabaorprion, 203 
gonadal function, 367 
on malabsorpuon, 201 
mucosal biopsy, 211 
necoprtern levels, 562 
iccondars diabetes mellitus, 269 
sccondary lactasce deficiency, 206 
Lherapeutic diets, 194 
vitamin D resistance, 518 
Colchine, 536 
Cold agglutinin disense, primary, 505 
Cold aggluninms, 505 
Collage 
articular carulage, 533 
bivsymthesis, 308 
bone matrix, 507, 508-500 
congenital defects of synthesis, 529, 530 
éxtracellular crosshinks see Ceollagen 
crosslimls 
extracellular Sbrillar assembly, 509 
extracellular transport, 508-509 
hepauc fhrosis, 270 
molecular genetics, S08 
oétecgenesis imperfecta gene MUtATIONS, 
529, 530 
post-tramalational modification, 508 
triple helical structure, 508 
type LI, 508 
Collagen crosshinks, 500 
bone tumnover marker, 513-513 
tcoporosis, 315 
maturation, 509 
Paget's disease of bone, 527 
post-parathvroidectoms, 525 
Collécting ducts 
luncuonal aspects, 123 
hydrogen ion excnetion, 165 
structural aspects, 117, 120 
Colloid oncotic pressure, 25 
Colon, carbohydrate metabolism, 206 
Colonic potassium excretion, 138 
Colonic segment urinary diversion, 52 
Coloty-stimulating factors (CSFs), 721, 
Tet-7126 
Colorecral carcinoma 
cholestérol plasma concentration, 694 
chetury fibre imtuke, 184 
genenc mechanisms, 759, 761 
hypertichous lanuginoss acquisita, 609 
néphrotic syndrome, 698 
tumour markers. 699, 713 


Coma, hypoglycaemc, 283 
Complement, 732-733 
acute phase response, 734, 736 
alternative activation pathway, 732, 733 
classical activation pathwar, 732, 733 
mflammiators response, 733 
porphynce photosensiivies, 478 
Comphance, drug therapy, 6413-4644 
therapeutic drug monmitonng, 648 
Compulave water dnakaing, 40 
Computer systems 
data intérprétation, 23 
report forms generation, | 1 
test request form, 7, 8 
Computerized tomography (CT) see CT scan 
Concepuon, 395 
luteal phase progesteronc level, 400 
Confusional state, acute set Brain syndromes, 
acute 
Congestive cardiac failure 
hypogivcaemin, 264, 285 
management, #7 
sodium rétention with ocdéma, 34 
thirst, 40) 
ursemic sndrome, 137 
Connective tissue iaosomal storage disease, 
6123, 615-616 
see ao Mucopolysaccharidoses 
Conn's symlrome 
glucose imolerance, 269 
non-resmiraiory alkalosis, 78 
Constant region (CC) genes, 494 
Constant regons, 493 
Constipation, 14 
Consuitutional delav in growth and 
development, 310, 388 
endocrine investigations, 191 
ManAgCEL, FU 
Contact svstem, 740-731 
acuvation, 71-731 
acute phase response, 734 
chirucal shock, 734 
Hhrinolyvuc system activation, 732 
inflammatrors response, 733 
metabolic response to imjury, 730-731 
Contnuous ambulatory perntoncal dialyers 
(CAP, 142 
Chronic renal failure 
aldosterone, 364 
antemia, 364 
catécholanmunes, 305% 
1é-hydroxycorncosterone activity, 364 
menstrual activity, 303 
plans renin activity, 364 
testicular dvsfuncuon, 363 
thyroid function, 364 
Continuous arteriovenous haemodiafiltraton 
(CAVHD), 134 
Continuous arterovenous haëcmodialysts, 
665 
Continuous artencvenous hsemofltranon 
(CAVH}, 134 
Contrast media, 130 
Co-oxuimeter, #3 
Copper, 182-183 
body stores assessment, 191 
dictary sources, 1H2 
functional aspects, 182 
Copper defciency, 183 
laboratory wvestisgations, 191 
Menke's disease, 618 
parentéral nutrition in necnale/preteron 
mfant, 437 


Copper metabolism 
acute phase response changes, 737 
frec radical reactions, 766 
Indian childhood cirrhosis, 252 
lipid peroxidation, 766 
malignant disease, 695 
Menke's disease, 618 
oestrogen therapy, 421 
pregnancy-associated changes, 420 
primary sclerosing cholangins, 243 
Wilson's disease, 242, 251-252, 436, 571, 
593 
Copper nephropathy, 155 
Copper-dependent enzymes, 182 
collagen assembly, 509 
superoxide dismutase, 771 
Coproporphyria, hereditary, 253, 473 
acute abdomen, 787 
clinical features, 473, 597 
differential diagnosis, 473 
investiganons, 473 
acute attack, 440 
photosensinivity, 470, 473, 478 
treatment, 473 
Coproporphyrin excretion 
associated hepatobilliary ns 479 
Dubin-Johnson syndrome, 2 
crythropoietic porphyria, + 
_vanegatc porphyria, 472, 480 
oxidase 
haem biosynthesis, 467 
harderoporphyris, 478 
hereditary coproporphyna, 473 
lead toxicity, 479 
porphyria cutanea tarda, 476 
variegate porphyria, 472 
Coproporphyrinogens 
aminolacvulinic acid dehvdratase deficiency 
porphyna, 473 


hereditary coproporphyria, 473, 480 
varicgate porphyria, 472 
Coronary artery disease 
apo A-1 deficiency, 634 
atherosclerosis, 621-622 
chest pain, 77% 
cholestérol plasma level, 16, 634 
familial combined hyperlipicdaemia (FCH), 
631 
roms Lypercholenterolsernie, 633, 634 
ia, 631 
pa dr factors, 193-194 
obesiry, 193 
waisthip ratio, 186 
nsk assessment, 621 
apolhipoprotenns measurement, 639 
Lpoprotein(a) measurement, 625, 639 
selective hypercholesterolaermmia screening, 5 
Corpus luteum 
carly pregnancy loss, 415 
formation, 395 
hCG maintenance, 396 
involution, 395 
oestrogen sécretion, 395 
progesterone secrenion, 395, 396 
Corticosteroid therapy 
avascular necrosis, 537 
depression, 573 
growth impairment, 702 
hypercalcaemia management, 98 
iatrogenic diabetes méllitus, 270 
heumatoid arthntis, 534 


rheumatological complications, 537 
systemic lupus erythematosus, 534 
TSH releuse suppression, 335, 338 
see also Steroid replacement therapy 


Corticosteroid-binding globulin, 398 
Cortcosterone, 316, 318 
Corticosterone methyl oxidase deficiency 


hyperkalaemia, 56, 57 
renal sodium loss, 32 


Corticotrophin releasing factor (CRF), 297 


adrenal glucocorticoids regulation, 316 

adrenocorticotrophic hormone (ACTH) 
control, 297, 356 

autonomic responses, 356, 361 

behavioural responses, 361 

circadian rhythm of release, 297 

combined pituitary function test, 300 

cortisol regulation, 319 

depressive 1llness, 361 

fear/anciery médiation, 361 

fever regulation, 359 

stress response, 356, 7 19 

structural aspects, 297 

see also CRH test 


Corticotrophin-releasing hormone (CRH) see 


Corticotrophin releasing factor (CRF) 


Cortisol 


Hfhydroxvsteroid dehydrogenase 
(11B-OHSD) deficiency, 319 
ACTH deficiency, 298, 301 
ACTH regulation, 297 
actions, 316, 318 
adrenal cortex production, 316 
affective disorders, 369 
anorexia nervosa, 370 
assessment of secretiott, 319-320 
basal ACTH test, 320 
CRH test, 320 
plasma levels, 319 
sumulation tests, 319-320 
suppression tests, 320 
urine free cortisol, 319 
bulimia nervosa, 371 
bursts of secretion, 319 
eds renal failure, 364 
circadian rhythm, 9, 319 
congenital adrenal hyperplasia, 325-326 
conversion into cortisone, 319 
Cushing's disease, post-treament 
replacement therapy monitoring, 308 
Cushing's syndrome, 306, 308, 573 
depressive illness, 573, 578 
cbb phase trauma/sepsis response, 357 
hursutism, 401, 402 
hyperthyroidism, 343 
hypoglycaemia response, 282 
hypothyroidism, 348, 351 
insulin stress test responses, 298-299 
metabolic response to injury/stress, 9, 297, 
319, 356, 718, 719-720, 736 
osteocalcin biosynthesis regulation, 509 
osteoporosis, 315 
phospholipase À, inhibiuon, 729 
pituitary function assessment, 297, 301, 
302, 311 
post-surgical, 301, 302 
plasma level variation, 319 
receptors, 3184 
replacement therapy monitonng, 311 
social stress response, 360, 361 


Gorusol-binding globulin (CBG), 420 
Cortisol-cornsone shurtle, 319 
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Costs, 5 
screening tests, 4 
C-peptide, 259, 260 
insulin-dependent diabetes mellitus 
(DDM), 265 
C-pepride plasma concentration, 280 
alcohok-induced fasting hypoglycacmia, 292 
autoimmune hypoglycaemin, 292 
factitious hypogiycaerna, 287, 288 
fasting hypoglycaemia, 285, 204 
29] 
sat” “onns with piruitary insufficiency, 
insulinoma, 288, 683 
non-islet cell rumours, 290 
Crarial wradiation 
delaved puberty, 389 
endocrine sequelae, 702 
precocious puberty, 387 
Cranial nerve defects, 302 
ranmiopharyngionna 


acute phase response, 228, 718, 735 
time course, 7 36 

articulur disease, 540-541 

cercbrospinal fluid (CSF), 562, 564, 565 

interleukin 6 (IL6) response, 723 

magnitude of response to mjury, 735 

myocardial infarcuion, 7#4 

opsonin activity, 736 

streptococcal pneurnonia, necmate, 424 

Creanine kinase (CK) 

children, 549 

CSF brain iscenzyme, 562, 563 
mtracranial metastatic disease, 566 

Duchenne muscular dystrophy, 756 

clevation without muscle disease, 549 


muscle disease, 548-549 
muscle/bran isoforms (CK-MH), 548-549, 
780 
myocardial infarction, 781, 782-783 
Cardinc is0enzyme, 781, 782, 784 
CK-MB ecarty marker, 780 
je réa isoform analysis, 742-743, 


ai nadouté 107 

surgery-related vanation, 10 

treatment montonng, 549 
Creatinine 

body mass relanionship, 9 

proximal convoluted rubule secretion, 121 
Creatinine clearance 

calculated, 128 

GFR measurement, 126 


ascites treatment monitonng, 245-246 
biological/analytical variance, 127 
brain syndromes, acute, 570 
calculated creatinine clearance, 128 
Cirrhosis with renal failure, 246 
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Creatimnce plasma concentration (co) 
comparison Of results with reference lumits, 
18 
factors influencing, 127 
CGFR measurement, 126-128 
hacemaodlialyas assessment, 141 
byperbilirubinaemia, estimation problems, 
240 
hyperkalaemis, 57 
hypocalcaemis, 101 
hypokalsemias, 54 
malignant diseuse, 694 
inmuscle mass estimation, LSE 
neonate/prétéerm imfant, 428 
pregnancy-associsted changes, 418 
renal failure 
acute intrinsic, 130, 131 
acute prerenal, 130 
chromic, 12%, 137 
hyperphosphataemis, 107 
renal transplant monitoring, 142 
sodium deficiency, 34 
urine calcium measurement, 94, 98 
Crescennc gomerwlonephritis, 151, 152 
CRF-41 se Corocotrephin releasing factor 


{CRF) 
CERH test, 320 
ACTH-dependent Cushing's syndrome, 
ir 


indications, 313 
isolated ACTH déficiency, 311 
protocol, 313 
Crgler-Naïjer sendrome see Cucurony! 
transterase deficiency 
Cnucal differences 
calculation, 19 
créatinne plasma concentration, 127 
Crohn's disease 
arthnitis, 537 
mucosal Eiopsy, 211 
nutntonal support, 196 
protin-dlosing enteropathy, 248 
small bowel racholegy, 211 
Choss-infection control, sample handling, 4 
Crossover, 144, 762 
Crush empury, 133 
Crvoglobulinecrrin, 505 
Crvptorchuidim, 406 
hr stimulation rest, 405 
testosterone biosvnthetic enzyme defects, 
Crymospondions, ZI 1 
Crystal ardiropathies, 535-537 
renal funchon tmparrment, 538 
smovial lurd hght emcroscopy, 541-543 
CT scan 
Addison's cisease (primary 
hypoadrenalism}, 323 
Cushing's snidrome 
ACTH-dependent, 307, 308 
sdrenel tumours, 322 
hydrocephalus, 505 
iniracramtal turmour, 56% 
Fumbar spine lesions, 565 
metachrometi tukodvatrophy, 550 
phaecochromocsuoma, 326, 656 
pituntary imaging, 302-303, 399, 684 
primary aldosteronism differential 
dhagnoms, 324 
prolactinorna, 304 
suberachnoid heemorrhage, 565 
TSH-sécreting pituitary adenoma, 308, 
#6 


Cushing’s disease 
ACTH levels, 366 
post-trestment glucocorucoidl replacement 
therapy, 308 
rheumatolagical disvrders, 347 
Cushing's syndrome, 316 
ACTH-dependent 
ACTE levels, 306, 330 
CRH test, 307 
diagnostic strategem, 306 
differential diagnosis, 504-308 
ectopic ACTH secretion. 306, 679 
hypokalaemmc alkalosis, 306, 407 
management, 307-308, 684 
MEN 1, 684 
metyrapone test, 307 
petrosal anus sampling catheter, 307 
piruitarys corticotroph microsdenoma, 
306 
post-surgicai assessment, 308 
tumour emarker screen, 307 
vénous sampling for ACTH, 307 
adrenal causes, 322-323 
clinical features, 318, 322 
sdrenal turnour maragement, 3233 
alkalosis, non-respiratory, 53, 78 
antiadrenal drug treatment, 323 
anxety, #72 
chnical assessment, 302 
cortsol plasma levels, 9, 306, 319 
cortisol urinary excrenon, 306, 319 
depresmon, 569-570, 514, 573 
déxamethasone supprestion tests, 420 
high dose, 306.307 
low dose, 306 
chabetes mellitus, secondars/glucose 
intolerance, 268, 265 
tursutism, 402 
MeCune-Albnght syndrome, 387 
polveystic ovaries association, 399 
polyostatic Mbrous dysplasie, 531 
Qut-off values, 18-19 
prédictive value of tests, 21 
Cyande poisoning, 661, 676, 677 
Crvelfend, 399 
Cyclophosphannde, 534, 686, 698 
Cyclosporin 
hypoaldosteronismhyperkalaernia, 57 
liver transplantation, 255 
nephrotoxicity, 142, 255 
renal transplantation, 147 
therapeutic drug monitoring, 142, 255, 
643, 645, 650 
Cyproterone acetate, 402, 702 
Cysrathionine f-svnthase, activity in Down's 
syndrome, 603 
Cystathionine B-synthase deficiency, 450, 538 
homocystnuria, 609 
Cvystathioninmuna, 610 
Cystic Gbross, 745 
carrier frequency, 7155 
carnier screening, 441, 755 
CETR gene defect, 755, 761 
childhood liver disease, 436 
clinical features, 440, 755 
delayved puberty, 355 
diagnonis, 440 
disomic inheritance, 746 
DNA analvus, 155-756, 761 
carrier state detection, 761 
index case identification, 753, 755 


genc therapy, 760 
genetic heterogencity, 755, 756 
genetic mutations, 742, 761 
hepatobihiary complicauons, 254 
hypoakalaemic alkaloss, 52-53 
hver function tests, 254 
neonatal screening, 440-441 
prenatal diagnosts in ferchzed embrycs, 
133 
prevalence, 755 
sent test, 755 
ursodeoxycholic acid therapy monitoring, 
253 
Cystic Hbross transmembrane conductance 
regularor (CFTR) gene, 755, 761 
Cystinosrs 
Fancon: évadrome, 168 
nickets, 432 
Cystinuria, 165-166 
Chinical features, 165 
protein malabsorption, 207 
renal amine acid losses, 165 
treatment, 166 
Cytechrome € oxidase deficiency, 566 
Cyochrome oxides cytochemistry, 552 
Cyrochrome P-450, alcohol metabolism, 243 
Cytokine receptors, 721 
Cytolunes, 717, 738 
acute phase reponse, 718, 719, 734 
anorexia of malignant disease, 695 
CSa-imediated release, 733 
calcunmvbone metabolism, 9%, 509 
cellular distiburion, 458, 721 
éndogénous pyrogéme, 608, 726 
lustonmcal aspects, 720-721 
metabolic response to inrurv, 356, 
391-359, 120-726 
multiple mrelomas, 500 
neursendocnine system activanon, 358, 
359, 360 
osteoblast receptors, 509 
Cuiomegalovirus (CM) infection 
congenital, 423 
transit paraprotéemsenniu., 503 
Cytoprotective envymes, 771-772 
MessuremEnt, 70 


D genes, 494 
Dracarbaume (DTIC), 684, 686 
Liantrolene, 664, 673 
D<hmer, 732 
De Quervain's thyrmditie, 351 
Decapeptyl, 401 
Dehydration 
diabenc ketoucidosis, 276 
diabenc non-keiotic hyperosmolar 
hypergiycacmic states, 277 
Fancons snérome, 169 
hypernairaemia, +90 
renal calculus formation, 169 
sodium deficiency, 41 
Dichydrosscorbic acid see Vitaman C 
Debvdroepiandrosterone (DHEA) 
adrenal mosynthesis, 514, 399 
sérenarche, 387 
conversion to testosterons, 247 
female metabolism, 398, 399 
ovarian biosynthenis, 597, 398, 309 
premature adrenarche, 388 
Dehydroemandresterone sulnhare (DHEAS) 
adrenal imosvnrhesis, 318, 399 
fernale metabolism, 398, 399 


Dehydrocpiandrosterone sulphate {cord 

ovanan biosynthesis, 390 

Delayed puberry, 310, 388-300 

causes, 358 

chronic renal failure, 363 

chomiphenc test, 306 

construtional delay in growth and 
development, 310, 388, 39] 

cndocriné events, 389 


psychotic, 572 
thvroid funcrion, 370, 572, 573 
unipolar, 572 
Dermatan sulohate, accumulation in 
mucopolysacchandoses, 615 
Dermatological disorders, malignant disease, 
699 
Dermatomvosins, 700 
Desterroxamine, 486, 776 


cndocrine mvestigations, 391 

exercis-related, 310 

CGaRH pulse gencrator, 388-389 

CraRH test, 405 

gonadotroplun deficiency, 310, 389 

hyperprolactinaemia, %04 

hypogonadotrophic hypogonadism, 389 

Kallinan's smérome differential disgnersts, 
07 

low body weight, 310 

panary hypogonadiam, 389 

systéme discase associations, 389 

Lrkhrium, 570 

Deleted in colonie carcinoma (DC) gene, 
159 

Delts aminolaevulinic acid 16e 
Aminolsevulinis acid (ALA)} 

Delta aminolaevulinic acid dehydratase 
FALADP) se Aminolsevulinic acid 
dehydratase (ALAD 

Delta aminolaevuhmc acid synthase (ALAS) 
see Arminolsevulinic acid synthase 
(ALAS’ 

Demeclocycline, 38, 46 

Dermentia 

cerebrospnal fluid (CSF) mvestigétion, 
566-567 

hypothyrondiem, 571, 573 

metabolic disorders, 590-592 

see ao Brain syndromes, chronic 

Dental canies, 174, 175, 194 

Dental development, 89 

Decxvcorticosterone (DOC), 316, 318 

11-Decxkvcurusol, 1 I5-hydroxylase deficiency 
agnoss, 379 

Decxypyridinoline (ysripendmoline), 509 

bone turnever marker, 94, 512 
urinary excretion, 944, 512, 513 
urnai rhythen, 513 
Depression, 572-573, 578 
ACTH secretion, 578 
wenologcal aspects, 569 
bipolur, 572 
Lthrum response, 579 
cholinergié-adrenereic neurotransmission 
imbalance, 578 
clinical diagnosis, 569 
clinical features, 572 
corticotrophuin relearing factor (CRE, 361 
cortisol hypersecretion, 578 
Cushang's syndrome, 573 
dexsmethasonc suppression nest CDIST, 
578-5179 
electrolyte abnormaliies, 579 
endogenous, 572, 579 
fecding disorder association, 370, 371 
growth hormone (GH) secretion, 579 
5-HT neurotransmiséon, 576, 578 
mMoncamine néurotransmitters, 574 
neurcendocrine changes, 369, 573, 
578-579 
noradrenaline neurotransmission, 378 
prolactun secretion, 379 


aluminium toxicity treatment, 524 
From posoning, 663-870 
safety in pregnancy, 660 


Desferroxamins test 


pretocol, 532 
total body aluminium load estimation, 523 


Desipramins, 370 
Desmolase 


Ovanan brosyntheuc pathways, 397 
pregnenolone bioswmthesis, 403 


Desmopressin {4DAVP) 


diabetes insimidus (DH, 41 
hypopiiutansm, 311 
Pregnancy-associtted polyuria, 40 
water deprivation test, 40, 41 


Desogestrel, 420 
Dexamethasone 


hureutiom treatment, 402 
prénatal CAH restent, 380 


Dexurnethasone suppression test 


actrenal function sssessment, 320, 329 
affecuve disorders, 360 
Cushing's syndrome, 306, 402 
ACTH-dependent, 306-307, 308 
Post-surgical assessment, 308 
depresuon, 578-579 
factors resulting im non-suppresson, 369 
high dose, 306-307, 320, 329 
regime, 307, 329 
urine free cortisol, 319 
hirsutism, 402 
low dose, 306, 308, 320, 329 
ovemmight, 320, 329 
primary aldosreronmism differential 
diagnosis, 524 
protocole, 329 


Dextropropoxyphene 


hypoglycsenna, 291 
LONICY, 060, 073 


Chabetes insipidus (DH), 37-38 


Catses, 77, 34, 298 
central {cranial), 37, 38, 41, 301, 311 
Pituitary tumours, 311 
chméal assessment, 302 
heuct injury-associated, 309 
hypernatraemia, 43, 590 
bypertonic saline infusion test, 41. 01 
ianagement, 4) 
nephrogenic, 31, 36, 41, 301 
Congenital, 38, 41 
disbetes mellitus, 273 
lithium therapy association, 370 
post-miruituey surgery, 301 
préterm infant, 427 
urine/plaama osmolality, 298 
water deprivation test, 40, 41, 298, 
390-301 


Diabetes mellitus, 257, 264-280 


advanced glycunon endproduet (AGE) 
accumulation, 272 

aldose reductase enzymes, 272 

aldose reductase imhibitors, 272 

anfotenan-converting enzyme (ACE], 541 

apolhipoproten glrcanon, 636 
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atherosclerosis, 271-272 
biochemical tests, theoretical aspects, 
278-280 
blood glucose measurement, 278 
baitie diubetes, 275 
C-pepude plasma concentration, 280 
caleruum pyrophosphate disease association, 
536 
cardiac dysfuncuon, 272 
cataract, 271, 272 
cheiroarthropaths, 271, 272 
classification, 264 
definitons, 264 
delaved puberty, 349 
diabetic emergencies, 275-278 
diagnostic criteria, 263, 264 
diet 
chiidren, 271 
chetary fibre intake, 164 
modification, 194, 274 
dyslipidaemnia, 273-274, 626 
trigivecride plasma level, 636, 638 
endocnine disense associations, 271, 287, 
305 
exocrinc panñcreatic dyusfuncrion, 2009 
fatty liver, 235, 273 
foot problems, 2e 
fre radicals overproduction, 272 
gastroinrestinal complications, 275 
genetic aspects, 272 
gestarional diabetes, 267-268 
dlucose transporter cxpression, 259 
givcsemic control, 274 
dewts phenomenos, 274 
éthanol, 27% 
exercise, 275 
fructosamine assay, 279 
givcated albumun, 279 
giveated Bbnnogen, 279 
glvcated haemoglobin (HBA,), 279 
intercurrent illness, 274 
nutrient abaorpüon unpredictebihty, 275 
problems, 274-275 
rebound from hypoglvcaenue, 274-275 
Somogyi phenomenon, 275 
stress, 274 
tests, 279 
growth, 271 
growth honmone, GTT response, 304 
hypennsulinaermec glucose clap test, 280 
hypertension, 272, 273 
hypoglycaemia 
adrenerge symptoms, 242 
cxercisc-induced, 287 
insulin-/suiphonyiures-imduced, 287 
postprandial/reactive, 293 
propranolol, 291 
hypogiycaemic unawarencss, 287 
hypomagnessemia, 273 
hyponatraemis, 273 
tatrogenic, 270 
impotence, 408 
insulin resistance, biochemical tests, 
279-280 
imsubhn therapy, 274 
insulin-dependent (DDM);, 264.265 
acnology, 264-265 
genctic susceptibihts, 265 
hypophospharasmra, 108 
microalbumnuna, 273 
néplhirogathy-hypertension associations, 
273 
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Diabetes mellitus {conti 
pregnancs, 208, 419 
presentation, 264-265 
intravenous glucose tolerance test 
(IVGTT), 280 
ketoacdogs sec Ehabhetic ketoacdosrs 
with liver disease, 566 
bver funcnon tests, 235, 273 
long-term complications, 271-274 
hyperglycaemia associanons, 27 | 
macrevascular disesse, 271-272 
microvascular disease, 271, 272 
management, 214 
Mason/MODY tepe. 268 
maternal 
fetal outcome, 419 
neonatal hypocalcaenuns, 100, 429, 451 
néonatal pulmonary surfactant synthesrs 
424 
metabohc acidoses diagnosis, 277-278 
metabolic disorders association, 273 
nephropathy se Diabetic nephropathy 
neuropathy see Diabetis neuropathy 
non-Waulin-dependent (NIDDM), 
267-267 
amylin, 260 
associations, morpholoncalimetaholie, 
265-260 
following gestanonal habetes, 265 
genetic factors, 263, 265 
glucoregulators defects, 266-267 
heterogenerty, 265 
hyperkalaemua, 57 
insulin deficiency, 265, 266, 26% 
insulin receptor abnonmalities, 263 
insulin release sbnormalities, 261, 266 
insubn résistance, 205, 267 
liver discase, 248 
non-insulin mediared glucose disposal, 
2607 
obesity association, 143 
pancreatic 6 cell deficiency, 266 
non-ketotc hyperosmolar state, 277, 589, 
Su 
oral contraceptive uac, 421 
oral glucose tolerance tests SOC ETS), 
278-279 
oral hypoglvcacrmic agents, 246, 274 
ostcopenia, gencralized, 273 
pancreauc P cell funcuon assessment, 280 
polyura, 37 
porphyria cutanea tarda associarron, 477 
retimopathy, 272 
rheumatological disorders, 271, 272, 537 
gout, 273 
screening, 279 
econdary, 268-270 
alcohol-related, 268-269 
cocliac diseass, 260 
endocnne disorders, 269-270 
fibrocalcific pancrestic diabetes, 264 
haemochromatens, 268, 269 
protein-defitient pancreauc diabetes, 265 
tropicalmalnutrition-related, 268 
sortntol accumulation, 272 
éteatorrhoea, 211 
tissue polyol accumulation, 272 
urinary glucose mensurement, 278 
see also Insulm resstance 
Diabenuic ketoacidous, 72, 264, 276-277, 589 
biochemical fearures, 276-277 
clinical features, 276 
hydrogen 1on metabolism, 65 


hyperkalacmmsa, 55 
hyponatrsemia, 273 
méchamsmns of development, 276 
neurological features, 580 
notmoglvcaenua, 276 
PHasaum deplenon, 52 
treatment, 277 
hypophosphataceia, 108 
response monitenne, 277 
LAINE organic acids excretion, 72 
Diabetic nephropathy, 123, 124, 158, 272, 
243 
chronic renal failure, 273 
insulin requirerment, 138 
Protein restriction, 140 
Macroslbuminacmis, 158 
nocroproteinurie, 147 
protemura, 273 
stick poutre, 158 
renal rubular acidosis type TV, 168 
Lhabetic neuropathy, 271, 595-596 
acute painful neuropathy syndrome, 595 
classification, 525 
cranial nerve palues, 393 
distal sensory/sensonmotor polymeuropathy, 
505 
henbyrunk mononeuropathy, 595-506 
lower Lib asymmetric proximal motor 
neuropathy, 306 
nerve sorbiiol accumulation, 596 
proximal symmetric motor neuropathy, 595 
Diagnostic applications, 2-3 
Dialysis 
acute uric acid nephropaihy, 646 
aluminium retention prevention, 522 
chronic renal failure, 146-142 
growth hormone levels, 362 
imparcd glucose tolerance, 365 
male sexual dysfuncrion, 363 
desferroxamine teur, 523 
protoco!, 532 
glucose absorption/insulin requirement, 
158 
gonadal funcuon, 139, 363 
growth velocity, 139 
hypercalcacrnia, 522 
hypermagnessema, 112 
hypocalcaermis correction, 522 
potassium body stores reduction, 58 
protein losses, 139 
tertiary hyperparathyroidism, 40 
vitemn B, (chiamin) deéficiency, 179 
Vitémin suppiements, 14 
zinc toxicity, 162 
Dramérphine see Héroin 
Ehaphyseal dysplasie, 531 
Diarrhoça, 212-214 
acid-basc status, %1 
causes, 213 
definition, 212 
hypokalaemia, 51 
investigations, 213-214 
malaibsorpuon, 199-200 
osmotic, 213, 214 
socretors, 213%, 214 
Diazepam, 664, 669, 675 
benyodiasepine receptor agonism, 577 
Dharepam-bimding inhibitor (BDIT), 577 
Lhazoxide 
fastuing hypoglycaemis in chaberics, 287 
insulinormas management, 289, 684 
suppression test, 288, 289 
Ecarbosvie acids urinarv excretion, 554 


Dcobalt edetate, 676 
Dicoumarol, 178 
DIBMOAD syndrome, 37 
Dhsétary assessment, 185 
Diffuse colloid gouivre, 336 
DiGécrge syndrome, 99 
Digoxin 
baseline changées with age, 647 
overdose in necnate, 660 
poisoning, 647, 669 
carbotoxicty, 66% 
chrucal features, 6609 
cagoxin-specific Fab antibody antidote, 
ét 
management, 669 
therapeutic drug monitonng, 643, 645, 
650-651, 657 
mdicanons, 6%1 
uréent analyses, 65û 
Dhrdrecodene toacts, 673 
Dhhydrofolate (dihydropteroyi glutamic ae), 
202, 203 
Dihvdrohpovl dehydrogenase deficiency, 444 
Dihvdroncopterin, CFS measurement, 562 
LDhvdroptendine reductase (DHPR), 566 
Dihvdropreridine reductase (D'HFR), 
deficency 604 
chimcal features, 605 
differential diagnosis, 605 
enzyme assay, 005 
byperphenyialaninaemia, 604, 605 
Dihydrotachvsterol, 523 
intoxication, 98 
Chhydrorestoserone (DAT), 247 
biological activity, 583, 403 
biosynthesis 
from adrensl androgens, 318 
from testoatcranc, 382, 383, 4053 
deficency with 5a-reductase deficiency, 
#06 
hair growth effects, 401 
male gerutal structures development, 476 
Dibydrotestosterone (DAT recemor defect, 
feminiang testis syndrome, 406 
2,8-Dnhydroxvadenme stones, 171 
1,25-Ehhydroxvcholecalcoiferol see 1,25- 
Dihydroxyvitamen D {1,25(0H;, D) 
Dhhyrdroxvepiandrosterone sulphste 
(DHEAS) 
adrenal tumour, 402 
palvcystic cvartes, 402 
1,25-Dhhydrosvvaitamm D (1,25€0H}, D; 
calcitriol! 
bone metabohsm, 92 
calctum mtcstinal absorpuon, 85, 92 
disorders of synthesis, 100 
hypercalcaemia, 98 
bypoparathyroiism, 99 
bypophospharacmic csteomalacia, 520 
intestinal calciure abserpaon., 210 
intoxication, 97, 28 
measurement, 42 
osteoblasr receptors, SU 
osteocalcn brosmthesis regulation, 500 
cstéoclasne bone resorption, 509 
ésteoporosis, 315, 516 
parathyroid bormone (PTH\ secretion, 90 
phosphate intestinal absorption, 104 
nreterm infant metabolism, 431 
receptor binding, 9% 
site of action, 42 
kynthesis, 41-02 


1,25-Dhhvdroxsvitemin D (cr 


transpiacental calcium/phosphate transport, 


410 
vitamin D status esumation, 189 
vitamin Di-dependent rickets type E 519 
vitamun D-dependent riches type IE 519 
see also Vitamin D 
1,55-Dihvdroxmwaitamin D {1,35(0H),D; 
calcionol} deficiency 
chronic renal failure, 104, 136, 138 
renal ostecdystrephy, 137, 521, 523 
ursemuc sndrotne (chromc renal falure}, 
136 
se ao Vitarmin D deficiency 
25-Dihvdroxysitamun D (25(0H)D:; 
calcihofl 
néasurement, 92 
syvnthests, 91 
2,4-Dinirophenylbydrazine cest 
maple svrup urine disease, 449, 611 
organic acidaemias, 447 
Eiphosphogiyceromutase {DPGM 
deficiency, 463 
Cnrect annglobubhn (Coombs") test, immune 
haemolvsis, 461, 465 
Direct calarimetry, 187 
Disacchandase deficiency, 210, 211 
Disacchandes 
gestion, 205-206 
moalabsorpron, 210-211 
Disease progression monitoring, 34 
Disomic inheritance, 74% 
LDisopyramide, 291 
Disseminated intravascular coagulation 
(DC, 439, 698 
Dastal convoluted tubule 
funcuonal aspects. 123 
functional assessment, 129 
hydrogen 100 excretion, 165 
phosphate reabsorption, 164 
protein secretion, L45 
structural aspects, 117, 120 
Distnbution half-life, 641 
Diuretic abuse 
hypokalnemis, $4 
renal sodium loss, 33 
Churetic therapy 
acute prerensal renal failure, 130, 131 
ascites, 245 
hypokalaennra 
alkakcsss, 52 
muscle wéakness, 548 
idiopathuc cederna, 56 
laboratory monitonne, 37 
hpoprotein éfiects, 616 
mineralocorticoid effects, 321 
potassium métabolism montorng, 37 
polasshutn-sparirue 
chronic renal failure, 138 
potassium retention, 56 
sodium rétention management, 37 
Diverticular disease 
chetarys fibre intake, 184 
yunal bacterial overgrowth, 212 
DMPS chelaton therapy. 670 
DMSA chelation therapy, 670 
DNA 
chromatin/histons complexes, 741 
enhuncer sequences, 688, 741 
eneuc code, 740 
mutations, 742-743 
promotor sequences, 688, 741 
rearrangements in lg synthesse, 494 


régulators sequences, 687, 688, 741 
repair mechanisms, 742, 775 
structural aspects, 647, 88, 740 
transonption, 687-688, 741 
see abe Crenes 
DNA analysis #4, 746-752 
& -antitrypain déficiences, 754-753 
apphcstions, 752-754 
atherosnclerosts, 757-758 
sutomated analvsis of generic disease, 739 
yat bros, 755-756, 161 
dot blotnng, 747 
fetal ussue sampling technique, 416 
Huntngton s diccase, 737 
index cases diagnosis, 753 
muscular dyserophy, 756.757, 761 
mutations detection, 749-7552 
allcle-specific oligonucleutide (ASC) 
technique, 749-750 
amplification refractoty mutation system 
(ARMS), 750 
cleavage mismatch detection, 750 
denatunngtemperature gradient 
ekectrophoresis, 730-751 
DNA sequencing, 751 
ligase-medisted allele detection, 7350 
multiple mutations, smultancous assay, 
7350 
scanning methods, 750-751, 761 
single-srranded conformational 
polymorphisn (SSCP), 751 
oncogeneseuphressor genes, 158-759 
Sa" "Mai hydriyiase deficenesPKU, 


ms diusgnoss, 752-753, 761 
11f-hydroxvlase deficiency, 380 
21-hydrowvlase déticiencs, 380 

screening, 133-754 

somatic mutations malhgnancr detection, 

754 

Southern blotting,747 

specific sequences detection, 746-749 
bybnéhiention probes, 746-748 
polrmerase chain reaction (PCR), 

744-749 
restnction éndonuclesses, 746 

tenminolgs, 762-764 

tracking of linked markers, 751-752 

urea cycle disorders, 608 

DNA damage 

base adductt Formation, 775 

carcinogenesis. 772 

free radicale, 766, 772, 775 

repair processes, 742, 779 

DNA fingernnung, 732 
DNA hybndiragon probes, 746-748, 762 

cloning, 748 
vectors, 748, 763 

labelling, 747 

svnthetic chgonuclectides, 748 

DNA scanning techniques, 750-751, 76] 
dystrophin gene mutations muscular 

dystrophy, 756 

DNA sequencing, 751 

Dobutemine, 131 

Dominant inheritsnce, 744, 762 
X-Uinked genes, 745 

Diompernidene, 503 

Doparmince 

brain neuronal svatemis, 574 
schizophrenin, 575 

clomeruler filtration regulanon, 121 

mental iliness pathophysology, 574 
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neurotansmission, 574 

prolactin release regulation, 297, 396 
trauma/sepeis response, 356 
acromegaly, 305 


Chopamince imfusron test, 305 
Doparmine receptor antagomists, 370 
Dopamine receptors, 575 
Dépanuns therapy 
acute renal fadure, 131 
thyroid funcuon tests, 334$ 
TSH release suppression, 435 
Doss porphyris see Aminolsevulinic acid 
dehydratase deficiency porphyria 
Dmwn's syndrome (trisoms 21), 603 
Aïzheimer’'s disease, 583, 603 
antenatal screening 
fetal vague sampling techniques, 415, 416 
humar chononic gonadetrophin (hCG, 
+14 
maternal alphafetoprotein (AFP), 416 
“triple test”, 415-416 
APP {B-amyloid precurser protein}, 583 
chinical features, 603 
diagnosis, 603 
enzyme activity abnormalities, 603 
mcktence, 603 
matermmal age associanons, 41%, 416 
mental handicap, 599 
roro (5-HT system, 605 
Dorerubicn, 224, 683 
Drug abuse, 672-673 
diagnosis, 661 
duration of positive urine test result, 672 
intrauterine growth retardation, 433, 434 
neonatal withdrawal symptoms, 424 
néonstalmaternal urine drug screen, 424 
pretéren burth, 424 
Drug adverse reactions, 10 
acute Htver failure, 239, 3240 
acute porphyna, 479 
acute renal failure, 129, 131 
hepatic dysfunction, 248, 249 
hypoglvcaemus, 291 
lupus, 539 
thyroid funcuon, 341 
tubular nephropathy, 155 
Drug interacaons, 645, 647 
Drug urials, 5, 10 
Des cherry techniques, 13, 285 
Dual porphyria se Chester porphyria 
Dutin-Johnson syndrome, 232 
bromosulphthalein elimination test, 230 
diagnostic tests, 242 
hyperbilirubinacma/jaundice, 232 


urinaty coproporphynn, 232 
Duchenne muscular dystrophy, 547 
carrier detection, 549 
create kinase (CK) elevarion, 549, 756 
dystrophin gène mutation, 756 
manifesting camers, 756 
Duplications, 742 
Dysalbuminaenme hyperthyroxinaemis, 
famihal, 358 
Dysalphalipoproteinmaemi, 654-635 
ape À-I deficiency, 634-635 
apo À-1 structural sbnormaliry, 635 
HDL metabolism disorders, 635 
Dysbetalipoproteinaemis, 630-634 
dÉ-lipoproteinaemia, 630-631 
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Dvysbetalipoproteinsemia (comen) 
chrlomcron rétention disease 
(hyepobetalipoprotemaenmi with 
selected déjenon of apo B-48);, 631 
chrlomicronsemes syndrome, 632 
classification, 630 
common hypercholesterclaemua (polygenic 
hypercholesterolaemis), 634 
familial, apo EZ isoferm, 758 
familial combined hyperhipidaemia (FCH), 
6+1 
familial detective ape B-H0)0, n32 
familial bypercholesterolaemia, 633-634 
familial hypertriglyceridsemis (FHTGY), 
631 
famihal hypobetalipoproteinaenu, 641 
hyperapobetalipoproteinaemis, 631 
hypobetalipoprotenacrmis with truncated 
apo Bs, 632 
normotnigivceridaene cf 
Upoprotemaenmia, 651-632 
remnant hyperipoprorcmaemia (WHO 
type IT), 632-633 
sites of metabolic defects, 430 
Dryslipidaemes 
Chronic renal failure, 136, 146, 305 
diabetes mellitus, 266, 272, 273-274 
investganons, 638-639 
Dryshpoproteinaemis, 628-4637 
acqpured hypolipidaemis, 637 
acquired (secondary) hyperlipidaerua, 
635-637 
chronic renal failure, 138-139 
classification, 628-629 
drug trestment, 637 
HDL metabolem disorders, 635 
investigations, 036-639 
spolipoprotem E, 639 
apolipoprotcins, 639 
gross appearance Of sample, 6386 
HBEL cholesterol, 638, 636 
HDL subclasses, 638 
LOL cholesterol, 638 
bhpoprotein(ar, 639 
posthepann lipolytic activity (PHLA), 
639 
specialst laboratory facihties, 639 
total cholesterol, 638, 630 
triglvcenides, 638 
hpoprotein separation techniques, 639-640 
paimary, 629-635 
treatment, 640 
Dvstrophun gene, 756 
Dvsuris, 123 


Eaton-Laroben syndrome 700 
EcoB], 746 
Ectopic hormone production, 687-693, 696, 
703 
hormones, 691-692 
hypercalcaemis of malignancy, 690 
parathyroid hormone related peptide 
(PRHrP) production, 690, 642 
molecular biology, 687-688, 689-600, 


692-4935 
tumour types, 691-692 
Ectopic pregnancy 


+ 


acute abdomen, 787 

diagnosis, 414 

human chorionic gonadourophin (hRCG), 
414, 787 


pregnancy-associated plasma protein À 
(PAPPA), 414 
progesteronc levels, 757 
rupiure, 787 
ammylase S iscenayime, 786 
uhrasonography, 187 
Ectopie thyroid tissue, 431, 347 
Efficiency of test 
calculanon, 2}, 22 
definition, 20 
Eicosanomds, 623414, 730-729 
Miosynthenc pathways, 726 
chnical shock, 734 
half-life, 727 
inflsmmatory response, 733 
krans-induced biosyntheas, 731 
reactive couvent species in metabolism, 768 
stress response 10 iniury, 719 
structure, 727 
Elastase, 207 
Électrolytes 
body flund distribution, 25 
neotatal requirements, 427 
Electron spin resonance, 774 
Electron transfer flavoprotein/dehydrogenase 
(ETFETFDH' 
deficiency (glutaric aclduria type IT}, 445, 
446 
mitochondrial fronidaton, 544, 546 
muscle fatty act exidation defects, 554 
Elemental feeds, 195 
composition, 196 
Crohn's disease, 196 
Elimination half-life, 6423 
Elliptocytosts, hereditary, 453, 456 
Ellsworth-Howard test, 100, 102 
Embryonal testicular carcinoma, 547 
Encephaloparhy, metabolic, 587-590 
Endocarditis, nom-bacterial, 498 
Endogenous faccal calcium, 88 
Endogenous opiuid peptides, 576 
Endometrium, ovarran sterod effects, 198 
Endothelin (ED, 730 
Endothelium-derived relaxing fctor (EDRF 
see Nitnic oxide (NO 
Endotosin see Lipopolysacchanide {LPS\ 
Energy 
dietary carbohydrate, 3205 
expenditure calculation, 187-188 
nutrinonal requirement, 174 
tutntional sources, 174-176 
parenteral solutions, 196 
substrates, 2584, 259 
Energy metabolism 
éxercian-associated changes, 273 
fed'fasting state, Z81 
glucose, 258 
malignant disease, 693 
néurogenic response 10 hypoglyvcaemia, 282 
Enhancer, 688, 741, 762 
Enolase 
muscle-specific, 549 
neuran-shécific se Neuron-specific enolasé 
(NSE) 
Enolase (ENOS deficiency, 456 
Enoyi CoA hydratase, 554 
Enteral fecding 
advantages, 195 
change 10 perenteral fecding, 196 
complications, 197 
fibre, 196 
glurarmine, 195. 196 
montorng, 197 


provision, 195-196 
short chain farrs acids, 195, 196 
short gut syndrome, 213 
Enterocvtes 
brush border peptidases, 107 
lipoprotein metabolism, 625 
Enterokmase, 207 
Enteropathic arthritis, 537-534 
Enzyme values 
comparison Gf results with reference limits, 
18 
reference values relanonship, 17 
Epidermal growth factor GG), 724, 725 
hépatic regeneranon, 320 
Ergocalciferol see Vitammin D, 
Error, sources of, 8-14 
anaiyucal factors, 1 1-12 
postanalyncal factors, 14 
preanalvtical factors, 8-11 
standards of performance, 12-13 
Ervihrocrte sedimentation rate (ESR) 
acute phase résponse measurement, 540 
articular disease, 540-541 
Ervihrocyte transketolase, thuamin status 
assessment, À 90 
Ershrocyrosis cf malignant dissase, 696-697 
Erythropoietie coproporphyris, 478 
Ersthrogmetic porphyris, 253%, 470, 473-474 
cheucal features, 473 
cutancous manifestations, 473, 480 
differential diagnosis, 474 
gene aspects, 469, 473 
haemolytic anaernia, 473, 474 
investgauon, 471-474 
photosenativity, 473, 474, 478 
tissue porphynns accumulation, 473, 474 
treatment, 474 
Erpihropoenc pritoporphyna, 470, 474-475 
anaemis, +74 
clinical features, 474-475 
cutaneous lesions, 474 
differential diagnosis, 475 
genchic sanects, 474 
investigations, 475 
photosenativiny, 474, 475, 478 
proicporphynn accumulation, 474 
IFESTINENT, #79 
Ervihropoietin 
actions, 725 
roalignant disesse-associated erythrocytosis, 
éu7 
recomiinant, 140 
Ervthropeneun deficiency 
Chronic renal failure, 136, 137, 140, 364 
hypothyroidiem, 448 
Escherchis co septicaemia, 440 
Essential amino acids, 176 
Essential fatty acid déficiency, 176 
chnical features, 176 
Essential fans acids, 175-176, 208 
Ethacryruc acid, 52 
Ethinyi ocstradiol, 398, 420 
Ethionamude, 356 
Ethesumimide, 651 
Erhyi alcohol porsoning se Alcohol porsoning 
Ethyl tnscoumacetate, 536 
Ethylene glycol potsoning, 671-6723 
chracal features, 671 
clhimination techniques, 665 
ethyl alcohol antidote, 671 
haemochalys:s, 665 
hyperoxalura, 170 
lactic acidosis, 74 


Ethylenc glycol poisoning (cond) 
toxic metabolites, 659 
trestment, 671 
Etidronate 
ostecolast dusfuncrion, 520, 528 
Paget's disease of bone, 528 
renal phosphate handling (FmP/GFRi, 
105 
Etomidate, 323 
Exchange transluson, 66% 
Exéreise 
alveclar oxygen cipriake, #2 
bone mineral density (BMD), 514 
creatinc kinase (CK) clevation, 546 
diabetes mellitus glycaemic control, 275 
enetgy metabolism, 292-293 
hypophosphataemis, 108 
lactate plasma level, 72-73 
muscle ATP generation, 546 
Urinary protein excretion, 146-147 
Exercise test 
growth hormone reserve assesement, 
299-300 
respiraters chain defects, 552 
Exercise-related atmenorrhoca, 310, 389 
Exercise-related hypoglvcaemis, 292-293 
Exercise-related varñistion, 10 
Exon, 687, 762 
Expressivity, 746, 762 
Extracelluler fluid (ECF}, 25 
affercot monitoring mechaniamn, 26 
bone, 507-508 
buffer systems, 63 
calcium, 87 
électrolyte composition, 25 
osmolality, 25, 26, 28 
arginine vasopressin (AVP} control, 26 
osmotic pressure, 25 
potassium, 29, 30 
acid-base status, 30 
sodium, 26-28 
Extracellular fluid CECF) volume, 26 
acute renal failure, 131, 133 
chronic renal faibure, 137 
CtrACTtÉON 
arginine vasopressin (AVP) response, 29 
éstimacion from change ti haematocrit, 
ir 
non-respiratory alkalosis, 77,78 
sodium deficiency, 31, 33 
necnate, 426 
pregnancy-sssociated changes, 418 
Exvractahle nuclear anugens (ENAÂs}, 540 


Fabry's diseuse (angokeratoms corporis 
diffusum, o-galactosidase deficieney, 
597 
Facutious hypoglycaemis, 284, 247-288 
Hivestigations, 285 
Factor I (prochromibin) 
acute liver failure, 240 
vitaruin K dependence, 178 
Factor V 
ucute liver failure, 240 
Hiver function tesrs, 228 
gephrouc syndrome, 153 
Factor VII 
activation by cHFa, 731 
acute liver failure, 240 
nephrotuc syndrome, 153 
vitaimin K dependence, 178 
Factor VIIL, nephrotic syndrome, 153 


Factor LA 
acute liver failure, 240 
vitemin K dependence, 178 
Factor X 
acute liver failure, 240 
clotting cascade activation, 731 
nephrotic syndrome, 153 
viamin K dependence, 178 
Factor XI, 730 
activation by GHFa, 731 
Factor XII se Hageman factor 
Faccal fat encrecon, 209, 211 
protocol, 215 
Fasure to thrive, 438 
Fallomian tube patency assessment, 400 
False négauves (FN, 30, 22 
False poucves (FP3, 20, 23 
Family pedigrees, 744-745 
Fanconi syndrome 
causes, inhenited/acquired, 168 
chinical features, 169 
hypophosphataemnic osteormalacia, 519 
hypouricacmia, 536 
Mght chain proteinuris, 158 
renal tubular acidosis type Il {proximal), 
74, 167, 172 
renal tubuler defects, 168 
nçkets, 432 
treatment, 169 
Fat absorption 
chirucal aspects, 209 
invesnigation, 209 
C-trioien breath test, 209, 213 
faccal fat excrenon, 209, 215 
Fat, diceurs, 208 
deficiency, 175 
digestion, 208-209 
energy source, 174, 175-176 
ischaernic hesrt disease associsthon, 644 
saturatcd'unsaturatecd, 208 
LDL.-cholesterot level, 10 
Far malabserprion 
bile salts, 210 
chviomieron retention disease, 631 
chcçal aspects, 209 
cozymatic hydrolysis, 210 
intestinal calcium interaction, 210 
Fat metabolism, 621-440 
insulin, 273-274, 621, 622, 623, 65 
ketosis, 368 
malignant disease, 604 
metabolie response to injury, 719, 720 
neonate, 428 
starvauon, 308 
Fatty acid D-oxidation, 45, 544, 623 
inbotn errors, 445-447 
muscle mtochondna, 544 
personnes, 450 
Fatry acid binding protein, 784 
Fauts acid metabolism 
chvlomicrons synthesis, 625 
diabetes mellitus, 267, 274 
cicoianoids biosynthesse, 623 
energy metabolism, 175, 258, 259, 281 
liver, 220 
neonuate, 428, 429 
rron-starch polysacchandes (NSPs) 
metabolism, 154 
Fatty acid oxidation disorders 
adrenoleukodystrophy, 591 
neonatal hyperammonaemis, 448 
neonatal hver disease, 435 
presentation, 436 
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Reve's syndrome, 256 
Fatty acids, 623 
alburin-bound bilirubin displacement, 433 
essential, 175-176, 208 
Lpid peroxidation by free radicals, 766 
lng chan polyunsarurated, 175-176, 208, 
623 
low density hpoprotein (LDL) chelesterol 
relanonship, 193 
mobiliza tion 
adipose tissue, 623 
hipogiycaenis-associeted, 242 
monounsaturatecd'polvunsaturenred, 176, 623 
plssma concentration 
mallgnant diseuse, 094 
metaholic response to inqury, 455, 719, 
120 
pregnancy, 416 
saturated, 176, 623 
short chain 
enieral fecding, 195, 196 
large bonwel carbohydrate metabolism, 
206 
macrlelvcerols digestion, 206 
Facty liver (steatosis), 220 
aGULE of pregnancy, 248 
alcoholic Hver disesse, 243 
anunotransierases clevation, 235 
cyatic fibrosis, 253 
diabetes mellitus, 273 
hypoglycaemis, 249 
total parenteral nuthtion (TPN), 349 
Feur, néurcendocrine responses, 361 
Fecding behaviour, 371, 372 
Fecding disorders, 370-371 
Fernale reproductive funcoon, 393-402 
hormones 
régulatory, 395-396 
stercid, 396-999 
menatrual cycle 393.345 
Ferminizaton, chronie alcohohem, 366-367 
Feminng testis syndrome, 406 
Fenoterol, 50 
Fermiün, 200, 160 
extravascular hsemolveis, 458 
haemochromatosis, 251 
tron deficnncy assesement, 201 
articular disease, 541 
iron overload assesement, 20%, 251 
iron transport, 201 
tnalabeorpuon investiganon, 211 
malgnant disense, 694 
Ferrochelatase 
hacm biosynthesis, 468 
lead toxicity, 479 
Ferrochelatase deficiency 
drug-induced inhibition, 47% 
enthropoiete coproporphyria, 478 
érythropèienié protoporphyris, 474, 475 
Fertile eunoch syndrome see Luteininng 
hormones (LH) deficiency, isolated 
Ferthiration, 395 
Fetal blood sampling, 417 
scalp blond, &ES 
Fetal heart rate (FRH) monitoring, 418 
Fetal lung maturation assessment, 417 
Fetal malformation, intrautenine infection, 
423 
Fetal malformation screening, 415-416 
aliphafetoprotein (AFP, 415 
chromosornmal abnormalties, 415 
letal tissue sampling techniques, 415, 
4t6 417 
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Fetal malformation screening (cond) 
maternal Mochemical séreerung (inple 
test}, 419-416 
ToRCH serological testing, 423 
Fetal monitonng, mtrapartum, 418 
Fetal well-being assessment 
ammiotic fluid analysis, 417 
biochermceal monitoring, 417-418 
fetal blood samplhing, 417 
human placental lactogen (hPL), 417 
plasma urare, 417-418 
Feroscepy, 417 
Fever 
acute phase response, 359, 726 
complhcanté posonmeg, 664, 075 
cytoknes, 726 
endogenous pyrogens, 359, 608 
hormonal modulanon, 359 
malhgnant discase, 698 
renal discase, 123 
Fibre, dierary, 184 
cancer protéctive effect, 194 
cholesterol-lowering eflecr, 193 
cnteral fecding, 196 
high intake, 184 
kw intake-associated diseases, 154 
non-sturch polysaccharides (NSP), 184 
sources, 154 
Fibrin degradation products (FDPs}, 732 
Fibrinogen 
acute liver faure, 240 
acute phase response, 228, 718 
time course, 36 
mtérleukin 6 (IL6]) response, 723 
néphrotic syndrome, 153 
pregnancy-assoctiated changes, 419 
Fibnmolvais, 732 
Fibroblast growth factors {FGF}, 735 
bené matrix, 509 
bone metabolism, 94 
Fibrocalcifc pancreatic diabetes, 268 
Fibrogenesrs 1mperfecta ossum, 53] 
Fibronectin, 509 
Fish eve disease, 435 
Fludrocornsone, 326 
Fludracornsonce loading test, 524 
Fluid balance montonng 
parenteral mutmton, 147 
sodium deficiency, 33 
Flusd requirements, neonate, 427 
Flumazenil, 674 
EFluoride, dierarys, 194 
Flucride therapy 
bone miteraieation delect, 521 
céteopoross, 316, 317 
S-Fluorouracil, 289, 683 
Fluoxetine, 370, 576 


Fluvoxamine posonmg, 675 
Focal and segmental gomerulonephritus, 151, 
132 
Folate, 202, 203-204 
absorption, 203 
assessment, 204 
chetary sources, 203 
excess, 204-204 
fragile X syndrome, 604 
funetional aspects, 203 
homocysuinuma, 450 
malignent tissue metabolism, 695 
neural tube defects (NTDs}, 203 
penconceptional supplements, 203 


Pregnancy-assaciated changes, 420 
status assessment, 187, 2 
vitae H,, deficiency, 204 
Folate deficrency, 203 
asscsament, 1#7, 204 
clinical features, 200 
hasmarological changes, 203 
inshgnant disease, 697 
laboratory mvestigations, 204, 205 
Folate malsbsorpaon, 205, 211 
congenital, 204 
hrpothyroidisin, 346 
Follhcle-seimuleting hormone {FSH) 
G-subunit assays, 339 
acuvin in regulation, 396 
ameénocthoes investigation, 20 
androgen insensiquity syndrome, 384 
antenor prudtary synthesis, 296, 396 
Dasal phutars function teat, 311 
chronic renal faiure, 363 
cirrhosis, 247 
clomiphence test responses, 300 
CGnRH control of secrenon, 297 
fomale reproductive funcrion, 396 
in male, 405 
et tro fertldation treatment Motitonng, 
400 
méerebty an women, #00 
infubin secretion control, 297, 396 
Klinefelrer's syndrome, 406 
male hypogonadism, 405 
mencpause, 373 
metstrual cycle, 393, 398 
destrogen feedback regulanion, 398 
ovarian fulure, primary, 399 
cvatian follicle actions, 247, 386 
ovarnan steroid biospnthesis control, 297, 
39% 
precocious puberty, 791 
prenancy-associated changes, 415 
pulsatile secretion, 297, 404 
Sertoli cell receptors, 403 
spot count in sécrétion assessment, 294 
spormatogenesis, 247, 2097, 404 
structural aspects, 396 
testis endocrine craluation, 404 
testosterone fcedback mn regulation, 403 
Follicle-srimulating hormone {FSH) 
deficiencs, 302, 407 
Food mrake-related variation, 10 
Force diuresis 
hypercalcsemis management, 98 
Psonng management, 664, 605, 608 
Formimnogiurami acid unnary excretion 
(FIGLU, 3204 
10-Formyl tetrahvdrofolate, 202, 203 
see ae Polygluramates 
Fracture healing, 511 
Fragile X syndrome, 599, 603 
clinical features, 603 
folit scrd rmetabolism, 603 
genetic mechaniem, 603, 757 
Frameshift mutations, 742, 762 
rousculer dystrophy, 756 
Free radicals, 765-776 
amino acids omdarnion, 766 
asséssement methods. 774-77 
DNA damage, 766, 775 
exogenous spin traps, 774 
hydroxvyl radicais, 766 
bed peroudation, 166, 774-773 
scavongog svstems, 768, 770-772 
antioxidants, 770-771 


Cytoprotecuve enzymes, 771-772 
Schiff base formation, 764, 774 
superoxide, 700 
see alo Regctive oxygen species 

Frée T3 
assay, 337-338 

interpretation of results, 353, 354 

reference ranges, 358 
hyperthyroidim, 343 

treatment response mantormng, 744 
hypothyroicism, 448, 349 

Free T4 
assay, 137-3538 

interpretation Gf results, 353, 354 

reference ranges, 338 
Haeshimote's thynondins, 351 
hyperthyroidism, 543 

treatment response monitoring, 444 
hypothyroidiem, 348, 349 

congentral, 346 

néonatal screening, 349 

prunary myxocdema, 349 

secondary, 350 
Luce disease, 366 
psychuamic disorders, 572 
thyrnd disease ecreenmeg, 353 
thyroid hormone replacement therapy 

monitoring, 351 
Fructosaemia, 244 
Fructosamince, 279 
Fructose 
hépate tnetaboliem, 220 
intestinal absorpron, 206 
Fructose iiolérance, hereditary, 254 
childhood hver disease, 436 
hyroglycacmum, 294, 589 
neonatal liver discase, 435 
Fructosce 1 6-diphosphatase deficiency 
lacue acidosts, 73-74 
nednatal presentanon, 442-445 
Fructose phosphate aldoluse deficiency, 
254 
Frusemide 
scute dilunonal hyponatrsemia, 44 
acute renal fatiure, 131 
ascites, 246 
hypokalaemic alkalosis, 52 
renal calciurn metabolism, #9 
Full bloced count see Blood count 
Fumarvl scetoscetate hydrolase deficiency, 
253, 435 
Funetionkess pruitary adenomas, 308-306 
Fungal menmeitis, 559 
Fungal toxin poisoning, 677, 678 


Cralactocerebromde f-galactoudase deficiencs 
see Gralactosviceramnmidase deficiency 
Galactosst-hedrogvivaine, bone tumaover 
marker, 513 
CGralactorrhoes, 304 
Cralicrossenmua, 254, 440 
chrucal fratures, 440 
chagnosis, 254, 435 
hepatocellular damage, 435 
hypoglycaemts, 248, 294, 589 
liver function tests, 254 
nconatal screening, 440 
therapeutic diets, 194 
CGalacrose 
hépané metabohsm, 220 
mtesunal absorption, 206 
metabolisen, 254 


Cralactose chminanon capacny (GEC), 239, 
254 
Gialactose tolerance tsr, 254 
Cialactose 1-phosphate und] transierase 
definencs, 254, 440 
a-Cialactosidase deficiency ses Fabry's disease 
B-Cialactosidasc assay, 613 
B-Galactosidase deficiency, G, 
gañghosidlosrs, 612 
Cralactosuria, 435 
Cialactosyl sulphate urinary excreuon, 615 
Galactesslceramnmidase deficency, 591 
Cralbladder disease, 154 
Gallium maitrate, 527 
Cralistones 
enthropeetic porpiiyria, 253 
HEH disease, 486 
obesity association, 193 
scrum alkaline phosphatase, 335 
short gut svmdrome, 213 
sickie cell anaeirtia, 489 
total parenteral autntion (TPM), 249 
Wison's disease, 251 
Cramete formation, 744-744 
chromosomal abnormalties, 744 
crossover events. 744, 762 
meéioss, 743 
Cramete intrafallopian transfer (GIPT:, 401 
Gamma ammacbutynce acid (GABA) 
NL OT ANS ISERE 
anvuety disorders, 576 
bensociazepines actions, $77 
schrrophrenia, 57% 
CGramma chain disense, 502-503 
CGramme cyatathionnase 
abmormality, 609 
deficiency, 610 
Gamma ghatamyi transferase (gamma GT, 
226-227 
abnormalties in asymptomatic patents, 
235 
acute viral hepatitis, 238 
alcohol ver diseasc/alcohol abuse, 242, 
243, 244, 671 
pregnancy, 244 


unnary, 155 
Gammes glutamyl-cysceine svnthetate 
deficiency 


hsemolstuié ansemus, 456 
red cell glutatone concentration, 463 
Ganglhioneuroma, 338 
Cranglosidoncs, 612613 
Gastrectoms 
bypogircueria, 243 
intninsic factor (IF) deéficiency, 205 
iron roalabsorption, 201 
asteomalacia, 518 
Crastric acid loss, 78 
Crastric carcinoma 
CAÏ9-S tuinour marker, 713 
nephrotic smdrome, 698 
Crasenic hibiory polypeptide (GIF, 260 
Gasenic lavage, 664, 6607, 660, 671, 675, 076 
Gastric hpase, 208 
Ciastrin-secreting tumours 
APUD tumours, 712 
multiple endocrme neoplasia 1 (MEX 1), 
ü83 
CGrastrinorna 
dlucose intolérance, 269 
see also Lollinger-Ellison syndrome 
Crastroentenitis, 206 
Crsstrointestinal Garula, 196-147 


Crastrointestnal tumours 
acanthosis migrncans, 699 
glucose inrolerance, 269-270 
peripheral neuropaths, 700 
subacute cerchellar degeneration, 701 
tumour markers, 712-713 
Gastrostomny feeding, 195 
Gaucher's disease, 592, 613, 613-414 
adult neuronopathic for, 392 
adult non-neuronopathic form (type 1), 
592, 6813, 614 
carrier detection, 592, 614 
cerebroside -glucosidase 
(glucocerebrogduse) wssav/deficiency, 
592, 614 
climcal features, 592, 613-614 
diagnos:s, 592 
Craucher cells, 592, 613 
gene therapy, 760 
glucosviceramide accumulation, 593, 614 
infantile neuronopathic form (type 3}, 593, 
613 
juvenile neuronopathuc form (one 5), 592, 
6154614 
neonatal hepatomegaly, 435 
prenatal diagnosis, 592, 614 
Criene therapy, 759-760, 761 
vectrors, 760 
Genes, 734-741 
alleles, 742, 762 
carrier state, 744 
dominantirecessrve, 744 
carrier frequency calculation, 745 
chromosomal localiration, 739-740 
DNA code, 740 
expression, 741-742 
cxpresavity, 146, 762 
genetic smprinting, 746, 762 
penetrance, 746, 742 
heterorygous state, 742 
histomical aspects, 739 
Romozygous state, 742 
imimunogiobulin, 494 
linkage/linkage disequilhibrium, 744, 762 
mutation, 742-743 
hetérogeneity of inherted disease, 
143-746, 760-761 
patterns of inheritance, 744-745 
population frequencies, 745 
shuffling during gamete formation, 
T43-744 
structure, 687, 740 
transcription, 687-658, 741 


Genetic analysis we DNA analysis 
Genetic crossing over, 144, 762 
Genetic disesse 
polygenic, 743 
SCTCenINg programmes, 9. 793, 761 
single genc defects, 743, 744 
variable expresuon, 745-746 
se also Inborn errors of metabolism 
CGreneuic improune, 746, 762 
Gencuc polymerphisms, 743, 762 
halanced, 745, 762 
hererozygote advantage, 745 
tracking of mutant genes, 751 
DNA fingerpnnung, 752 
microsatelhte polymorphisms, 752 
misatelite polymorphiem, 752 
restnichon fragment length polymorphism 
(REFLP\, 752 
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variable number Gf tandem repeats 
(VNT Rs), 752, 763 
CGrenome, 762 
Gentamicin, 649 
CGreuphagra, 51 
Germ cell turnour mMarkers, 708-710, 714 
Crérminoma, delaved puberrs, 389 
Grestanotial diabetes, 267-2368 
dis eruoais, 268 
management, 268 
scrocrung, 279 
Grestational glucose intolerance, 419, 420 
Crestational trophoblastic disease, 414 
Crestodene, 420 
Cherdiasss, 206, 211 
Gigantism, 505, 387 
CGilbert's syndrome, 232 
diagnosthe tests, 232 
hyperbilirubinaemia/seundice, 225, 233, 
233 
neunate 434 
Gal fibnillary acid protem, CSF 
messurement, 562 
Ghobin gene mutations, 490 
a thalassaemin, 485, 486 
B thalassaerms, 456, 487 
haermoglobin S, 488 
HbE, 489 
oxygen affenty alterations, 489 
prenatal detection, 401 
unstatle Hb variants, 486 
Cobin genes, 484, 485 
Chobnilins 
acute phase response, 735 
drug binding, 64% 
cestrogen therapr-associated changes, 420 
pregnancy-associated changes, 418 
Crhomerular basement membrane, | 44 
immunological méchants in 
glomerulonephntis, 147-148, 149 
molecular sciving, L44 
functional aspects, 121 
glomerulus structure, 1 18 
renal bloc flow, 120 
Giomerular Mitration rate (GFR), 121 
Chrome renal faune, 137 
diabetes mellitus, 158 
measurement, 125-128 
B.-microglobulin plasma concentration, 
128 
calculated crestimine clearance, 128 
creatnine chesrance, 126 
inulin chesrance, 125-126 
sotopic techniques, 124 
plasma creatinine concentration, 126-128 
plasma tres concentration, 128 
neonate, 426 
pregnancy-associated changes, 418 
renal blood flow, 143 
sodium conservabonexcreton, 26 
tubuloglomerular feedback, 122 
Glomerular sclerogis, 135, 136 
Glomerulonephris, 124, 147 
acute intrinsic renal failure, 131 
chronic renal failure, 135, 136 
crescentic, 151 
focal and segmental, 151 
haematunsa, 125 
hépaotis B infecuon, 246 
histological classification, 148, 150-152 
immunological mechanisms, 147-148, 149, 
E40, 152 
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Crhomeéruloneniuntes lent) 
membranous, 150, 151, 152 
minimal change, 148, 150, 152 
prohferative, 151, 152 
proteinmuna, 147 
selecuve, 148, 150, 152 
urinary secdiment/casts, 125 
Glomerulocubulaer balance, 121 
CGlomerulus 
bicod vessels, 120 
capillary wall 
Gestion, 144 
molecular serving, 144 
structure, LS, 143-144 
immunologically mediared damage, 
147-148, 149 
mesangial cells 
chronic renal failure pathogenens, 135 
imoune complex ingestion, 118 
plasma protem filurauon, 144, 145 
structural aspects, 117-118 
Glucagon 
calcitonin secretion, 92 
diabetes mellitus response, 271 
fatty acide mobilisation, 623 
glucuse homoecstesis, 281, 282 
hypogivycasnus response, 282, 549 
insulin releuse, 260 
insulin resistance in hepatic cirrhosis, 365 
metabolic response to imnury, 7230 
neonatal carbohydrate metabolism, 428. 
429 
starvation, 368 
see also Hyperglucagonsacmis 
Glucagon test 
ACTH assessment, 299 
ÀACTH-adrenal axis dynamic tests, 299 
CH reserve assessment, 299 
insulinoma, 258 
Glucagon therapy, 287 
Glucagonoma 
cimical features, 654 
glucese intolerance, 269 
management, 684 
Glucocerebronidass (cerchroside B- 
élucosidase) assay, 593, 614 
Chucocerebrosidase (retro fe 
glucoadase) deficiency (Gaucher's 
disease), 592, 614 
Ciucocorticond suppression test, 
hypercalcaemia investigation, 38 
Clucocorticonts, 316 
actions, 318 
adrenal cortex production, 315, 316 
bone muneral density (BMD) effects, 515 
calctum/bone metabolism, 93 
choical eflects of excess, 318 
cytokines regulation, 359 
fever regulanion, 359 
functional assessment, 319-320 
muscle metabolism, 346 
receptors, 318 
relative porencies, 718 
stress-related changes, 9, 556-357 
therapr see Corticosteroud therapy; Steroud 
replacement therapy 
Glucokinase, 259 
gene abnormalities, Mason/MODY type 
diabetes mellitus, 265, 268 
Ciluconeogeness, 258, 281 
hydrogen ion homeostais, 64, 68 
bicarbonste son production, 65 
born errors cf metabolsm, T3, 442 


lactic acid metabolism, 73 
lrrer, 220 
metabolic response to injury, 718, 719, 720 
neonstal carbohydrate metsbolism, 428, 420 
starvation, 368 
Cilucose homoscstass, 257-264 
autononmnc nérvous system regulation, 282 
fcd state, 281 
hormonal responses, 282 
normoglivcsaetnia regulation. 257-258 
postabsorptivelfusting state, 281 
Glucose intolérance se Impaired glucose 
tolerance (ICT) 
Glucose metabolism, 258-250 
hepatc, 220 
acinus upmake, 219 
hydrogen on producton, 65 
intestinal absorpoon, 206 
liver disease, 165-366 
imahgnant disesse, 693 
renal tubular reabsorpuion, 121, 164 
starvation, 307-368 
ee ao Glucose homoecstasis 
Glucuse plasma concentration 
acute brain syndromes, 570 
circadran changes, 274 
CSE-plasma glucose ratio, 539 
snteral numition monitoring, 197 
falciparum rnalana, 291 
food imtake-related variation, 10 
homoevetasis, 257-258 
hyperkslaemis, 57 
inborn errors of metabolism, neoratal 
presentation, 441 
inaulin actions, 261 
ineulinomn, 258 
ketoucidosis, 276 
measurement, 2é 
interfcring substances, 278 
reagent süick techniques, 14, 278 
metebokic response 10 injury, 719, 720 
mixed meal tolerance teur, 287 
muscle disease, 548 
neonate, 429 
paracetamol toxiciry, 240 
parenteral nutrition monitoring, 197 
pregnancr-assocuted changes, 419 
prolmged fast test, 255 
see also Hyperglycsemis: Hypoglycaemia 
Crucose tolerance 
chronic renal failure, 138 
cestrogen herspy-associated changes, 421 
pregnancy-asoctated changes, 414-420 
Glucose tolerance test (GTT) 
acromegalr, 304 
protocol, 313% 
therapeutic response monitoring, 305 
intravenous test (IVCr TT), 280 
oral tests (OGTTS), 278-279 
Glucose transporters, 259 
mochémical veste. 379 
DNA analytic techruques, 280 
intracellular second messenger activation, 
263 
malgnant discase, 603 
Glucose 6-phosphatase (G6P) deficiency, 74, 
435, 443 
Glucose 6-phosphate dehydrogenase (G6PD) 
deficiency, 456, 464, 745 
genetic variants, 456 
haëmalyuc disease, 434 
chronic extravascular hsemolysis, 456 
précrutatung factors, 434, 456, 457 


molecular heterogencity, 745-746 
nconatal hyperbilrubinaemia, 434 
red cell glutathione concentration, 463 
screning test, 402 
Glucuronyl tranaferase deficiency 
(Crigler-Nariar syndrome), 232 
hvrerbilirubinaemin/aundice, 232 
neonate, 434 
molecular basis, 232 
tune 1, 232, 434 
type Il, 232, 434 
CHucuronvi transferases, 221 
Glue sniffing se Volarile substance abuse 
GLUT1-5, 259 
Glutamate oxaloacetute transamunase (GOT) 
séé Aspartate ainminotransierase {AST) 
Glutamate pyruvate transaminase (CPV) ses 
Alanine amimnotransferase (ALT 
Glutamine 
putntional support, 195, 196 
synthesis, 68, 219 
Glutaric acidurna type Il, 445 
Ciutarvl Co deébydrogensse deficiency, 445 
Clutathione metabolism 
autormmune hypoglycacmia, 292 
free radicals scavengne, 770, 771 
guratmonc/reduced glutathione assay, 776 
paracétamol posoning, 606 
red cell, 454, 455 
congenttal defects'haemolytic anaerus, 
456 
Glutathiene peroxidase, 771 
assay, 7160 
Glutathione reductuse, 771 
Clutathione reductiase deficiency 
drug'tonmeimduced heemolyvss, 456 
screening test, 462 
Glutations S-transierase, 227 
Glutathione synthetase deficiency 
drug'ioxins-induced héemolysis, 456 
metabolic acidosis, 463 
red cell guruthione concentration, 463 
Glutathione transferase B, 223 
Ciycated albumun, 27% 
CGiyeuted fbrinogen, 279 
Giveated haemoglobin (HA), 279 
Ciiycerol, energé metaboliem, 258, 259 
Cilycerei tninitrate, 780 
Glvcine encephalopathy (nonketotic 
hyperglycinsemia), 566 
Glycogen, 258 
fetal liver accumulation, 428 
glucose homocustasis, 281 
histochemuacal demonstration, 551 
hypoglycaemia-associated mobilization, 
282 
storage, 258 
synthesis, 258 
skeletal muscle, 263 
Glyvcogen breakdown disorders, 550 
ensyme analysis, 551 
histochemical investiganons, 550-551 
Clycogen phosphoryliase, 281 
myocardis) ischacmia, 784 
Giycogen storage disease (GSD') type 1 
(von Gierke's discase) see Glucose 
6-phosphatase (G6F) deficiency 


Glycogen srorage discases 


clinical features, 254, 550 
hepatocellular carcinoma, 254 
liver disease, 254 

bver function tests, 254 


Glycogen snthetase, 281 


CGiycogenolysis, 281 
inborn errors of metabolism, 442 
Hiver, 219, 220 
metabolic response to imury, 719 
muscle, 545, 540 
nconatal carbohydrate metabolism, 428 
Criycolvsis, 25% 
hydrogen ion production, 64465 
lactic acid metabolism, 73 
inhented disorders, 73 
malgnant tissues, 693 
muscle, 54, 545, 546 
red cell, 454, 455 
Glvcolysus disorders, 550 
cnrvme analysis, 551 
funchemnal dynamic tests, 550 
hitochemical mvestigauons, 550-551 
ischaernsc exercise test, 550, 555 
Glycosaminoglrcan urinary excretion, 615, 
616 
Ciiycosuria, 125, 165 
Fanceni syndrome, 168 
haëémochromatosis, 250 
ketoecidosts, 276 
measurement 278 
neonatal liver disease, 435 
pregnancy, 419 
preterm infant, 427, 428 
proximal convoluted tubule function 
assesament, 128 
renal tubular acidosis rype 2 (proxmal), 
14 
Civeyrrhigic acid 
LiB-hydroxyaterod dehvdrogenase 
inhibition, 359, 325 
hypoaldosteromiem, 325 
hypokalsemis, 53, 319, 325 
Gus, gangliosidosis (generalied 
ganghosidosis}, 612-613 
adult form (type I, 612 
f-galactosase assay, 613 
f-galactosidase deficiency, 612 
chnical features, 612-613 
diagnosis, 13 
galactesylgalucrose-N-acvl ceramide 
accumulation, 612 
infantile form (type I, 612 
juvénile form (type IT, 612 
Gu gangliosihoses see Hexosaminidase 
deficiency 
Chrome renal failure, 139, 364 
congental hypothyroicsm, 749, 350 
tdine deficiency, 350 
iodine enxcess, 350 
hthium therapy association, 370 
Gold therapy, 542 
Gonadal failure 
chronic alcoholism, 366, 307 
haemechromatosts, 367 
systeme disease associations, 367, 568 
see cho Hypogonsdism 
Gonadal fanction tests 
CGnRH sturnulation test, 391 
post-pituitary surgery, 302 
Gonsdorrophin 
c-subunms, 396 
functaniess piiuitary adenoma secretion, 
304, 309 
anorcina, 406 
chiidhood levels, 186 
chrome alcoholism, 367 
chronic renal fadure, 139, 363 


fetal secreuon, 576, 386 

hypogonacism, 386, 405 

menstrual cycle-related variation, 4, 595 

neonate, 386 

pulsartile release, 395 

schiscphrenia, 369 

testes endocrine craluation, 404 
Cronadotrophin deficiency, 309-310 

smenrhoca, 310 

associated smmdromes, 589 

basal hormone investigations, 298 

chinical assessment, 302 

clomiphence test, 300 

delayed puberty, 310, 359 

diagnons, 110 

haemochromaross, 367 

hypogemadotropluc hypogonadisn, 

406-407 

mifertihite smanagement, 310 

male, 405 

malignant discase/malignant discase 

treatment, 702 

mituitary-gonadal axis assessment, 298 

post-puitary surgery, 302 

progression of hypopiruitarism, 298 

treatment, 310 
CGronsdetophin tecemters, 734 
CGonadotrophin replacement therapy, 402 


Gonsdotrophin-relessing hormones (GnRH}, 


395-396 
age-associated effects, 373 
conadorrephin (LH/FSH) secretion 
control, 297, 396 
in male, 403 
hypothalamic synthesis, 395-396 
pulsatile release, 267, 403 
pulse gencrator, 386 
delayed puberty, 388-389 
proccious puberts, 387 
premature activauon, 591 
puberty, 546 
Genadotrophin-relessing hormone (GnRH) 
analogues 
acute intermittent porphvria (AIP), 471 
precocious puberty, 388 
superovulation, 401 
Gonadotrophin-relessing hormone (CnRH} 
deficiency 
fetal aeuronsl migration defccr, 386 
malignant discase/malignant disease 
treatment, 702 
Gonadotrophin-releasmg hormone (GnRH) 
stimulation test 
gonsdal dysfuncuon, 391 
male pituitary gonadotrophins evaluation, 
404-405 
precocious puberty, 391 
protocol, 41 1 
CGronadotrophin-secreting tumour, 508 
precocious puberty, 391 
CGocdpasture's syndrome, 542 
Crordon's syndrome me 
Pseudohyposldosteronism type 2 
Gout, 535-536 
classification, 535 
clinical features, 535 
diabetes mellitus association, 273 
epidenuology, 333 
hyperuncsemes, 535, 536 
hyporeninsemic hypoaldosteroniem, 57 
Lesch-Nyhan smdrome, 617 
monosodium uraté (MSU) crystal 
arthropathy, 535 
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renal disease, 535-536 
synovial Musd light microscopy, 541, 542 
treatment, 536 
urate plasma concentration, 541 
Gr-proreins, 575 
Granulocyte colony-stimulanng factor 
(GCSF\, 725 
leucocytoss of malignant disease, 698 
Granulocyte-macrophage colonv-sumulating 
factor (GMCSEF), 725 
Crranulomatous disease 
25 O0H)D lo-hydroxylation, 36 
generakaed hypopituitarism, 509 
hypercalcaemin, d6, 68 
Granulomatous disease, chronic, respiratory 
buret defect, 768 
Crraves' disensé, 344-345 
aurounmune bypoglrcaemis, 292 
éutounemune pathogenees, 344 
chuucal features, 356, 344 
diabetes mellitus association, 271 
diagnosis, 344 
imvasthents, 343 
natural history, 344-345 
neonatal transient hyperthyroidism, 440 
ophthalmoparhy, 340, 344 
pregnancy, 440, 34% 
thvroid stimulatng yutoantibodies, 344 
tremiment, 345 
TSH pue: sutoantibodies, 340 
Croscofulvin, 4 
Growth 
bone modelling, 510 
dietary protein requirement, 176 
Growth disorders, 438.430 
causes, 4384 
chronic renal failure, 139, 362-363 
diabetes mellirus, 271 
failure to dhrire, 438 
Fancom syndrome, 169 
growth hormone disorders, 438-439 
glucose mtolerance/secondary NIDDM, 
209 
malgnant diseasé/malignant disease 
treaument, 702 
steroid theraprainduced, 702 
Growth fscrors, 724-736 
oncogene products, 758 


basal levels measurement, 3014 

dopamine infusion test, 305 

glucose tolerance test (GTTS, KM 

LHRH test, 305 

therapeutic response monitoring, 505, 
306 


TRH test, 305 

unnrary levels, 305 
agc-associated changes, 473 
anterior pituitary secretion, 294 
calcum bone metabolism, 93 
chrome alcohobem, 366 
chronic renal failure, 139, 362-363 
cirrhoais, 271 
control of secretion, 297 
delaved puberty, 386 
depressive uiness, 579 
disbetes mellitus, 271 
fetal/neonatal plasma concentration, 438 
hypoglycaemis response, 282 
immunomodulatorr properties, 359 
nsulin-Uke growth factor EL GF1: 

induction, 725 
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Crrowth hormone (comd} 
malignant dseasc/malignant discase 
treatment, 702 
metabohc response to injiurr, 9, 297, 726, 
736 
ebb phuse, 367 
neconatal carbohydrate metabolism, 428 
parenteral nutrition, 196 
physaologcal secretion assesment, 300 
porphyrnas, acute attacks, 479 
post-translanonal modification, 688 
psychotropic drug effects, 370 
rulsatile sécretion, 9, 297, 438 
reserve assessment, 299-300, #01 
arginane infusion test, 290 
Bovni] test, 209 
clonidine test, 299 
exercise testing, 299-301 
glucagon tes, 296 
héightegrcwth velocity measurement, 300 
insulin suress test IST}, 268, 301 
Ledopa test, 206 
physologeal secretion assessment, 300 
post-piturtary surgerv. 301 
prepubertal children, 299 
schisophremia, 369 
starvation, 3684 
urinary secretion Mmessurement, 300 
vitamin D renul metabolism, 92 
Growth honnone definency, 309, 438-479 
adult, 309 
basal honmone investigations, 298 
child, 302 
congenital hypopituiarism, 581 
délayved puberty, 391 
diagnosis, 439 
GH reserve assessment tests, 299-300 
hypoglycaemins, 290, 589 
solated Khopathuc, 309 
manggsment, 306 
post-potuitary irradiation, 302 
progression of hypopituitanem, 298 
Growth hormone therapy (somatatropin}, 
3CPO 
Growth hormone-rélessng hormone 
(GHRH; 
combined pituitars function test, 300 
ectopic secretion, 305 
growth hormone regulation, 297, 438 
Growth hormone-secreting piruitary tumour, 
684 
Growth velocity 
alkaline phospharsse (ALP) correlatron, 511 
growth hormone deficiency, 302, 306 
growth hormone reserve assessment, 299 
hydroxyproline unnan; excretion 
correlation, 512 
miichidhood growth smurt, 387 
osteocalcin corrclanion, $12 
puberty, 385, 540 
Cr protein mutations, 387 
Cruanosine triphosphate cyclohvdrolase assay, 
605 
CGruillan-Barre syndrome, 566, 567 
Günther’s disease see Erythropoiebc porphvyria 
Guthrie test, 439, 440, 401 
DNA dingnosne tests on samples, 733 
phenylalanme assay procédure, 605 
sensitivity, 605 
Crynsccomastia, 407-408 
causes, 40 
drug-imduced, 408 
investigations, 408$, 406 


male hypogoenadism, 405 
neonate, 408 
puberty, 408 

Gyromutrin poisoning, 677 


Haelll, 746 
Haëém 
albumin binding, 459 
Emosvnthesis, 4674609 
porphyrins production, 4t7 
régulation, 464 
catabolism, 458 
CSF detection, 558 
haemolvsis-associated release, 458 
hacmopexin complex chearancs, 459 
Hasemangopencytems, 519 
Haemarthrosrs, 541 
Haematocrit 
ECF volume reduction 
<somauon method, 59 
sodium deficiency, 33 
renal transplant monironnge, 142 
Hacmatologeal disease, rheumarologmeoal 
matufestanons, 538 
Haemarturia, 160 
acute intrinsic renal failure, 131 
focal and segmental glomerulonephritis, 
152 
membranoproliferative glomerulonephritis. 
152 
mermbranous gomerulonephrtes, 150 
nephrolithiasis, 160 
uninary sechment/casts, 125 
urine colour, 14 
Haemochromstossrs 
alcohol abuse, 243-244, 247 
aminotransicrams clevation, 235 
calcium pyrophosphate disease association, 
536 


diabetes mellitus, secondary, 266, 269 
gencuic, 250-251 
hepatic uetue iron index, 251 
heputocellular carcinoma, 251 
investiganons, 250-251 
hiver biopeys, 251 
prespmitomatnc detection, 251 
treatment, 251 
gonadal fadure, 247, 367, 405 
iron overload, 201 
transferrin säturation, 224 
iron-induced lipid peroxidation, 772 
pituitary dysfunction, 247-248, 404, 405 
piuiterviesticular combined dysfunction, 
404, 405 
rhcumatologicel manifestations, 537 
ussue damage, 250 
Häsmocyiometry, haemolstic disorders, 
459-460 
Hsemodialysss 
acute renal fuilure, 135 
amvioidosis, 538 
assessment, 141 
H.-microgobulm deposition, 538 
chronic renal fulure, 140-141 
aldosterone, 364 
catecholamaines, 365 
18-hydroxycorticosterone activiey, 364 
hypoglycaemin, 289 
infertilty, 363 
plasma renin activiry, 364 
tesucular dysfunction, 363 
thyroid function, 364 


hyperkalacmia management, 58 
oxalesis arthropathy, 338 
poisoning management, 665, 668, 471, 
672, 676 
pranaples, 140 
protein losses, 139 
Haemofitration 
principles, 141-142 
renal failure, 142 
Haemoglobin, 200 
o globin genes, 444, 443 
acid-base status assessment, 69, 459 
B globin genes, 484, 485 
buffer system, 63 
respuratory acidoss, 75-70 
cerebrospinal fluid (CSF), 558 
suberachnoid haemorrhage, 565 
concentration measurement, #3 
conversion to methacmalbumin, 459 
clecrrophoreuc analysis, 489, 496, 491 
embryomic (epsilon) globin genes, 484, 485 
fetal (zeta) globin genes, 484, 485 
funcuonal aspects, 453-474 
gene mutauons, 745 
genetic control of synthesis, 484, 485 
haemolyss-ascociated metabolism, 
458 4590 
baptoglolun carriage in plasms, 459 
malignant diséase-ussociated erythracytosis, 
66 
oxvaen binding'dissocrtion, 83, 484 
Bohr eflect, 484 
2,3-diphosphoglycerate (2,3-DPG' 
tanding site, 484 
temperanure cifects, 484 
éxveen transport, 82-85 
structural aspects, 454 
structural vanants, 487-489, 401, 491 
Haemogiobin Bart's, 486 
clectrophoretie analysis, 491 
hedrops fetalis, 485-486, 491 
Hsemegiobin € HbC}, 486, 489 
electrophorenc analyses, 491 
sackle cell haemoglohin © disease, 488 
Haemeglebin Chesapeake, 459 
Haemoglobin D (HBD}, 489 
electrophoretic analyes, 491 
Haemoglobin D-Punyab, 486 
clectrophoretic analysis, 491 
Haemogiohn F CHhF; (fetal héemoglobin), 
424, 484 
5 thalassaemia major, 486, 491 
HIS disease expression, 458 
Heemoglotn G (HbG), electrophoretic 
analysis, 491 
Haemoglobin H HoH) 
electrophoretic analysis, 491 
haemoiysis investigation, 459 
Haemoglobin H (HbH) disease 
à thalasssenma, 486 
gallstones, 486 
haemoglohin analysis, 491 
haemolyuc ansemikx, 486 
Hi Bart's, 491 
Hacmoglobin Kansas, 489 
Hasemogliohin Kôln, 489 
Hacmoglobun Lepore, 491 
Hsemoglobhin M C(HEM) Boston, 489 
Hacmogiobin © (HbO}, clectrophoretic 
analysis, 491 
Hacmogiobin Ponland, 486 
Hacmogiobin S (HS), 488 


Haemoglobunaernus, 458, 460 
Hacmoglobinopathues, 483492 
genc frequencics, 483 
IRboratory dhagnosis, 489-491 
malaria protection in héterozygores, 483 
prenatal diagnisis, 441 
red cell indices, 490 
theurmatolotical manifestations, 538 
sercenine tésts, 461 
néonate, 401 
Haemoglotinuna, 123, 156, 15% 
btochemical features, 157 
hacmolyuc anacmia, 464 
intravascular htemolvysrs, 458, 460 
poisorung, 664 
tubular damage, 157% 
Haemolvais, 453-466 
bile pigments excretion., 460 
bilrubin plasma concentration, total 
unconjugsted, 460, 465 
causes, 456 
classification, 453, 454, 456-458 
chnscal features, 453 
compensited, 456 
consequences, 458-456 
definition, 456 
differential dagnosis, 465 
extravascular, 453, 456 
free haermogiobin in plasmalunne, 458, 460 
haemocytometry, 459460 
haemoglobmuna, 157 
hsemopexin in plasma, 459, 460 
haemmosidenun in unne, 458, 460 
haptoglobin (Hp? plasma concentration, 
459, 460, 465 
hyperkalaernia, 56 
intravascular, 453, 456 
laboratory tests, 499-461, 405 
sbnormal hacmeglohin, 461 
enidence for cause, 401-464, 465 
immune haemolus, 461 
red cell enzyme defects, 462-464 
red cell fraglityfsurvival, 460-461, 465 
red cell morphology, 459-460, 465 
reticulocyte count, 459, 465 
methaemalbunnn in plasma, 459, 460 
poisoning associations, 660 
acute renal flute, 664 
Haemolynic annenma, 453 
acquured, 457-458 
chemical agents, 458 
immune, 437 
malaria, 458 
Microangopathic, 45H 
hon-iminune, 457-453 
prosthetic heart valves, 458 
comgenital, 436457 
red cell enzyme defects, 456-457, 745 
red cell membrane defects, 456 
definition, 456 
diagnostic approach, 464-465 
chnical evidence, 464 
laboratory tests, 464-465 
erpthropoienc porphyra, 473, 474 
HbhH disease, 486 
hépatoersthropeetic porphyma, 477 
aundice, 231 
unarsble Hb vanants, 489 
Haemolyuc disease of newborn, 433, 454 
Haemolync urscc syndrome, 458 
Haermoperfusion, 665, 564 
Haemopexin, 766 
hser binding, 459 


haemolyms-associated bevels, 459, 460 
Hacmophilis, 538 
Hscmorrhage 
mulogle myeloms, 500 
thirst, 29 
Haermosidenn, 200, 766 
intreavascular hsemolvus, 454, 460 
malignant disease, 697, 698 
Haemosideross, 350 
on cverload, 456 
Hagemen factor (factor XIT), 730 
activation to HFa, 731 
factor XI activation, 131 
njury-mediated surface binding, 730 
PR-HANOWE complex binding, 730-731 
Haloperido!, 303 
Haptogiobin (Hp), 460 
haemoglobin carriage in plasma, 439 
haëmolvsls investigation, 454, 460, 465 
malignant disease, 698 
Harderoporphyns, 478 
Hardi-Weinberg law, 745 
Hartmup disease, 167 
niconinic acsd intake, 180 
protein malabsorprion, 207 
tryptophan metabolism, 180 
Hartnup disorder, 166-167, 611-612 
amtuo aciduns, 611 
chnical features, 167, 611-612 
mModence, 611 
soreening'dfferenttal diagnosis, 612 
urinary arnninoacids analysis, 612 
treatment, 611 
Hashimoto's thyroidicis 
autoimemune hypoglycsenua, 292 
autoimanuute liver diseuse assiation, 366 
clinical features, 396 
diabetes mellitus asseciarion, 271 
diagnosis, 351 
enéistage (myxoëdema), 349 
thvreid autoantibedies, 340, 341, 351 
thymoid function tests, 351 
transiont hyperchyroidism, 351 
Head injury 
delived puberc, 389 
disbetes insipidus, 309 
generalized hypopatuitariem, 309 
precocous puberty, 387 
Heavy chan diseases 
dt chain disease, 302 
1 Chain disease, 502-503 
Hi Chain disease, 503 
Parsproteunaémus, 502-503 
Heavy cham genes, 494 
Heavy chain paraproteins, 502, $03 
Heavy chain synthesis, 494 
Heavy chaines, 493 
Heavy metal nephropathy, 153, 519 
Hesght measurement, 185-186 
étoeth hormone reserve asscesmont, 299 
Heinz bodies 
draug'chemical induced hagmolyus, 458 
G6PD deficiency, 456 
haemolssis mvestigation, 459 
unstable Hb vanants, 489 
Hepaäran sulphate accumulation, 
taucorolvsaccharnidoses, 615, 616 
Heparan N-sulphatase defiency, 
mucopoiysacchandosis type Il, 616 
Heparm therapy, 36 
Hepatie artery, 219 
aCihus anatomy, 218 
lobyule anaromy, 2184 


INDEX 815 


Hepatic clearance tests, 229.230 
amunopimne (demethylation) breath test, 
229 
antipyrine clearance, 220-230 
bromosulphthalen ehimination, 230 
caflemne clearance, 230 
galactose eluminatnon capacity (GEC), 330 
indocyvanme green, 230 
pharmacologcal basis, 229 
Hepatc encephalopathy, 588-589 
acute liver fulure, 239 
acute viral hepatits progression, 234 
amine acid metabolism, 221 
cirbhons, 244 
precipitating factors, 246 
clinical features, 587 
hvperammonsemua, 589 
paracetamol poiscning, 667 
Hepartic extraction ratio, 229 
Hepauc Gbross, 230 
Hepauc hypertrophic csteourthropathy, 537 
Hepancé necrosis, paracetamol poisoning, 66%, 
ÉÉ 
Hcpatic portal vein, 217, 219 
acinus anatomy, 218 
lobule anatomy, 218 
Hepatic secrétory protéins, tutraional status 
assessment, LET 
Hepatuc ussue ton mdex 
alcoholic liver dissase, 251 
geneuc haemochromatosis, 251 
Heparic triglyceride lipase (HTGL), 628 
activation by apo À-3, 624 
HDL, metabolism, 627, 628 
[DL hydrolysis to LDL, 627 
postheparin lipolytic activity (PHLA) assay, 
6539 


Hepatic imigiycenide lipase CHTGL) deficiency 
HADL metabolism disorders, 635 
IDL. accumulation, 627 
Hepatic vein, 217, 219 
acinus anatomy, 21B 
Hepauris 
acute, 231, 234-239, 537 
causes, 338 
alcoholic, 2423, 243, 671 
sutouninmune in children, 4%6 
chrome, 231, 240-247 
chronic active (CAH), 240, 341, 537 
co -antitrypsin deficiency, 242 
alcohohc liver diséuse, 242, 243 
aminopvyrine (demethylation} breath test, 
229 
aminotransterases clevation, 235 
antinuclear antibodies (ANA, 539 
differential diagnosis, 240, 241-2342 
prognosis, 240 
Wilson's ciscase, 242 
chroeic autoimmune, 233%, 254, 242 
aminotransierases elevathon, 235 
inimunosuppressive therapy, 233, 234, 
247 
lhver transplantation, 255 
chronic mersietent (CPH), 240 
aminopyrine (demeéthylacon] breath test, 
229 
drug-induced un children, 436 
fukminant, 238 
hiver function teats, 3, 226, 233, 254, 238, 
240 
rheumatological manifestations, 537 
Hepatitis À 
acute ver Bilure, 239 
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Hepants À (cond 
amnotransienses clevation, 235 
liver function tests, 233, 238 
progression to autobmmune chronsé active 
hepatitis, 239 
relapsaing course, 230 
Hepatus B 
acute liver failure, 239 
antivirel treatment, 241 
Chronic active hepautis (CAH, 241 
liver function tests, 233, 238 
hvér transplantation, 255 
progression to chronic liver disease, 233, 
239 
scrological diagnosis, 240, 341 
Hepatiis € 
alcoholic Liver disease, 242 
antiviral treatment, 241 
chronic active hepatitis, 241 
hiver transplantation, 255 
progression to Chrome liver disease, 239 
hvér function tests, 233 
serologcal diagnosis, 241 
Hepacitis non-A, non-B, acute liver failure, 
239 
Heparitis, viral 
acute, 235-239 
chinacal features, 238 
differential diagnosis, 238 
liver hunction tests, 238 
outcome, 235-239 
progression to scute liver failure, 2364 
progression to chronic liver disease, 239 
reiohution, 235-239 
sérulopcal tests, 238, 239 
acute liver faiture, 239 
prognosis, 240 
bilirubinuris, 231 
chiciren, 436 
chronic active hepatihs, 241 
Chromic, interferon trestment, 233 
bandhng of infections samples, 741 
hypogiycaernis, 289 
porphyrnuna, 479 
Hepatoblastoma, AFP oumour marker, 714 
Heparoceiluler carcinoma 
alkaline phosphatase isoenzymes, 226 
alphafetoprorcin (AFP) vamour marker, 
228, 249, 713-714 
fbrolamellar vanant, 246 
givcogen storage diseases, 254 
hsemaochromatosis, 251 
hypoglycaemus, 289, 200 
iron metabolism, 695 
porphyrs Cutanca tarde, 477 
tnigircende/cholesterol plasma 
concentration, 694 
brosimactena, 25% 
Hepatocellulaer disease 
fatty acud metabolisns inborn errors, 446 
neonate, 434-456 
Hepatocyte growth factor, 230 
Hepatocytes 
interleulin & (ILE) actions, 723 
ipoproteins endogenous metabolism, 
626—627 
Hepatoersihropoietic porphyria, 477 
chrical fearures, 477 
genenc aspects, 409 
investigations, 477 
photosenstvaity, 477, 478 
treatment, 477 


Hepatomegalv, necnatal, 441, 442, 443 
Hepatorenal syndrome, 152-133, 246 
Hepatotonc drug monitoring, 233 
Heredopathuca atactica polymeuritiformns sé 
Refaum's disease 
Hermaphrodite, true, 376, 385 
external genitahsa, 385 
gonads, 385 
karvotypes, 385 
Héron idiamorphine) toccnty, 673 
Herpes simplex, congemital infection, 423 
Heterodisonm, 746 
Heterorygous state, 742, 762 
compound heterosvgote, 142, 74%, 762 
Héxachlorobensene-mnduced porphina 
cutanes tarda, 476 
26,27 Hexsfluorocalctnol, 92 
Hexokinase (HK) deficiency 
Chrome haemolytic anuemia, 456 
enzyme activity measurement, 464 
glvcolytic mtermedistes concentration, 464 
red cell 2.3-DPG concentration, 462 
Hexokinases, 259 
Hexosaminidase 
5 suburnit woenzymes, 593, 613 
assay, 6] 3 
molecular genetics, 593, 613 


Hexoseminidase deficiency (G,.. 


gangliosidons), 593-594, 612, 61% 
aduit onset form, 594 
atwoc form, 594 
Chical features, 594, 613 
diagnosis, 534 
heterozygote identification, 613 
hexcsarmine À activator protein déficience, 
613 
hexosaminidase deficiency. 613 
hexmeanmidase subunit mutations, 594, 
613 
infantile presentation, 5%4 
juvenile presentation, 594 
prenatal diagnosis, 613 
spanal muscular atrophy form, 594 
Tav-Sachs discase, 593, 613 
type [IT éSandhoff diseuse), 594, 613 
High density lhipoprotein (HDL), 624, 627 
apo À-], 624, 627 
apo À-II, 624, 627 
apo À-[V, 624 
apo C-1, 625 
apo C-IE 625, 627 
afro CITE. 625, 623 
ago D, 625 
apo E, 627 
LDL receptor bmding, 627 
atherogeness protecuve effect, 622 
cholesterol, 625, 627, 638 
dsbetes melhtus, 272, 274 
cholesteryl ester transfer protein {CETF) 
deficiencr, 627, 635 
chroni renal failure, 139, 565 
deshpoproteinaenus, 635, 639 
genetic variation, 758 
HDL., 627 
deficiency, 635 
cestrogen eflects, 636 
progestenone chect, 656 
HDHE., 627 
investigations, 638 
metabolic disorders, 635 
metabholic transformations, 627 
apolipoproteins, 026 
cholesterol, 627 


chriomicrons, 62%, 626, 627 
phosphotmids, 626, 627 
VLDIL, 627 
nephrouc emdrome, 154, 636 
cestrogen therapy-associared changes, 421 
phospholnd, 626, 627 
prégnancr-associatédt changes, 416 
subclasses, 638 
High denuty bpoprotein (HDL) deficiency 
fiah eve disease, 635 
Tangier disease, 598, 635 
High molecular weight lininogen CHMWK), 
130 
bradykmin release, 731 
prekalbkrein (FR) complex, 730 
Hirsutism, 401-402 
causes, 401] 
iivestiganon, 401-402 
polyeysuc over sendrome (PCOS:, 309, 
461 
testosteronc metabolism, 401 
treatment, 403 
Histamine, 729 
actions, 129 
acute phase response, 754, 736 
chincal shock, 734 
inflammatort response, 734 
Histidase assay, 600 
Histidase deficiency, 608 
Histidinacmia, 608-606 
diagnosis, 609 
heterczvgute detection, 609 
Histiocytosis X, 300, 694 
History taking, 2 
Hodgkin's disesse 
acquired ichthyoss, 699 
fever, 698 
wen metabolism, 695 
nephrotic syndrome, #99 
peripheral neuropathy, 700 
serum alkalhne phosphatase, 225 
subacute cerchellar degenersnion, 701 
treatment-associated infertiliry, 702 
Holocarboxrlase synthetase deficiency, 444 
Homocystenne 
endothelisl damage, 610 
oral contraceptive pul-asocsted elevator, 
420 
Homocvstine 
metabolism, 450, 609 
urine a5sav, 610 
Homocystinurs, 446, 450, 609-410 
clinical features, 450, 609.610 
mental handicap, 606, 610 
neurologcal signs, 610 
téromboembholhic disease, 610 
cystathiontne B-synthase deficiencs, 609 
dlerential dagnosis, 610 
heterozygote idennicanon, 610 
bvdroxycobalamin synthesis defects, 450 
incidence, 609 
managernent, 539, 610 
methyimalenic aciduna, 450 
plasma arumo néids levels, 609 
prenatal diagnons, 610 
pyridoxine-responsive, 610 
rheumatological cornplications, 538 
sercenmeg, 610 
Homogentisic acid oidase deficiency, 539 
Homovanilie acid (HVA) 
antiperchotic drug montonng, 574 
cerebrospinal fluid (CSF, 574 
schisophrena, 3 14 


Homovandllié acid (HVA) (com 
urinary excretion, tetrahvdrobioprerin 
(BH,} deficiency, 605 
Homozsgous state, 742, 762 
Hormone replacement therapy CHRKTS, 396, 
420-421 
glucose tolérance, 421 
cestrogens, 420 
parenteral administration routes, 420 
plasma lipids/linpoprateins, 420-421, 656 
plasma proteins, 420 
poit-Mmenopausal csteoporosis, 516, 517 
progestogens, 398, 420 
Hormone values 
comparison of results with reference limits, 
18 
reference values relanonship, 17 
Horseshoe kidney, 117 
Human chorionic gonadotrophun (hCG) 
&-auburnit, 396, 692 
ACTH-dependent Cushing's syndrome, 
307 
H-subuni, 396, 692 
tumour expression, 642 
diagnosis, 710-711 
prognosis, 706, 711 
screening, 706, 711 
corpus lurcum mainrenance, 396 
Down's syndrome screening, 414, 416 
ectopc pregnancy, 414, 7187 
ectopmic production, 692 
fetal Levdig cell regulation, 376, 396 
germ cell tumours, 708 
B-eubunit assay, 709 
diagnosis, 709 
prognosis, 710 
reshlual disease detection, 710 
treatment mormionng, 709, 716 
gestatnonal trophoblastic disease, 414 
hyperemesis gravidarum, 335 
Levdhg cell differentiation, 381 
male infertilité treatment, 407 
malignant ensulmomes, 684 
precocous puberty, 301 
pregnancy diagnosis, 413-414 
pregnancr-assaciatod changes, 418 
structural aspects, 306, 692 
superovulation, 401 
thyroid-stunulatng activity, 334 
tumour marker, 692 
Human chorome gonadotrophun (hCG) 
sthmulation test 
crpmorchidiam, 406 
haemochrommatoses, 404 
intersex investigation, PAI-391, 406 
Leyché cell functional assessment, 40% 
protocol, 340, 411 
vanishing tests syndrome (anorchis}, 390, 
4é 
Human menotausal gonadotrophin {hMG) 
tnale infertility treatment, 407 
ovulation induction, 400 
superoeulation., 401 
Human placental lsctogen (hPL; 
fetal well-being assessment, 417 
pregnancy-associated changes, 418 
Hungrs bone syndrome, 524, 525 
Hunter's symdroine scé 
Mucopolysacchandosts type [Il 
Huntingion's disease. 746, 757 
age-dependent expresavite, 746, 757 
clinical features, 757 


genetic analysis, 753, 797 

genetic mechanisms (CAG repeat 
expansion), 757 

presvmptomanic diagnosis, 757 

prevalence, 197 

reactive oxygen species, 773 


Hurler's syndrome see Mucopolvsacchandosis 


ype | 


Hyaline membrane disease, 434 
Hydatifonm moe 


chonocarcinoma, 710, 711 
hé Cr screening, 706, 7 LI 
chveoid hormone secretion, 347 


Hvdralagne 


autounntounc hypoglvCaernius, 202 
vitemin B, metabolism, 180 


Hydrocenhalus 


CT scan, 565 
precacious puberty, 387 


Hrdrocornsone 


ACTH deficiency. 301 

Addison's disease (primars 
hypondrenalism}, 321 

congenitsl adrenal hyperplasis, 326 

dlucocomicoid replacement therapy, 326 

hypogiycaemia, 290, 391 

hypopituitariens, 290, 311 

mineralocomicoëd replacement therapy, 326 


Hydrogen breath test 


bacterial overgrowih, 212 
carbohydrate absorption, 207 


Hedrogen rom concentranon, 61, 62 


acid-base status assessment, 69 
non-respiratory, 71 
respiratery, 70 

alkalosis 
non-réspiratory, 78 
respiratory, 79 

base excess, 69 

med acid-base disorders, #1 

néar-patent testing, 14 

PCO, relationsmp, 80 

sé ae pH 


Hydrogen ton excretion, 66-68 


ketoacicdogis, 72 
hon-resnrmiors acidosis compensaecion, 70, 
71 

pulmonary carbon doxite, 66, 64 

renal, 60-68 
amino éxcrotion, 66, 68 
bicarbonate reabsorption, 66 
tutraular mechariseme, 164, 165 

réspiratory acidosis, 70 

respuratory alkalosis, 79 





Hydrogen 10 hémecstasis, 61-81 


buffer systerns, 62-63 
ammons, #3 
bicarbonate, 62-63 
haemoglobin, 63 
phosphate, 63 
plasma proteins, 63 
definutions, 61-62 
disorders, 70-81 
compensatory processes, 40, SI 
mersbolic (non-respirators), 62 
mixed, 81 
respiratory, 62 
hydrogen ion turnover, 63-64 
production, 64-066 
mtracellular, 61 
physiological role, 61-62 
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Hydrogen ion production, 64-66 
amino acid metabolism, 6$-66 
carbon dioxide, 64 
glucose oxidation, 65 
ketogeness, 65 
lactate metabolism, 64-65, 73 
renal tubular cells, 66, 67 
collecung duect, 133 
distal convoluted tubule, 123 
proumal convoluted tubule, 121 
renal rubular acidoais type 1 (classic 
distal), 167, 168 
renal tubular scidous type Il (proximal, 
167 
renal tubular acides type TV (distal with 
hyperkaleemus}, L68 
renal tubular acidous type IV 
(generalized distal, 167 
inglvcencde oxidation, 65 
ures sytheus, 63-66 
Hydrogen peroxide 
adrenaline metabolism, 768 
atherosclenosis pathogenesis, 174 
catalase in removal, 771 
glutathione peroxidase in removal, 771 
réspiratory burst, 768 
supcroude dismutsse in formanon, 771 
transition meétal-<catalysed hydroxyl radicals 
producnon, 767 
kanthune oxlase-catalused generation, 768 
Hydrogen sulphude poisomng, 661 
Hydroperoxrecosetetraenoic acid (HPETE), 
634 
Hydrops fecalis, 485-486, 491 
18-Hydroxy cortisol, 324 
18-Hydroxy deoxycorncosterone {18-hydroxv 
DOCS, 316, 458 
3-Hydroxacyl CoA dehydrogenuse, 554 
Hydroxyapatite, 577 
B-Hydroxyburyrate 
ketoacidosis, 276 
nconatal hypernnsulinaermie hypaglycaennis, 
429 
srarvation, 368 
GhHrdroxebutsrate debhvdrogenass (HBD), 
781-782 
3-Hydroxybutyrate plasma concentranon 
fasting hypoglycaemia, 285, 286 
hypoglycsenma with adrenal insufficiency, 291 
bypoglycacnis with pituitary insuffidiency, 
240 
insulinoms, 258 
neonatal hypoglycaemias, inbom errors of 
inetaholiam, 442, 445 
25-Hrdroxycholecalciferol 
séasonal variation, 9 
vitarnin D stores estumanon, 189 
Hydroswvcobalamn synthesis defects, 450 
3F-Hydroxydehvdrogenase deficiency, 32, 56 
Hydroxveicosatetraenoic acid (HETE), 623 
5-Hydrmindolescetic act ($-HIAA) 
carcinod simdrome, 670, 681, 703 
Urinary excrenon, 681 
cerchrospinal Quid (CSF: 
coholisen, 576 
depression, 578 
schizophremas, 574 
sncidal behuviour, 478 
serotonn deamination product, 681 
tetrahvdromopenn (BH) deficrencr, 605 


818 INDEX 


Hydroxv] radicals, 766 
DNA durmage, 766 
base adduct fonmanon, 775 
carcimogencsis, 772 
frec iron catalysed producuon, 766 
paid peroxidaton, 766 
inegiurement., 774 
respiratory burst, 768 
Schiff base formation from amino acids, 
166 
11H-Hydronmviase deficiency 
congenutal adrenal hyperplasia, 378 
diagnosis, 379 
1l-deoxvcontisol, 579 
170H-progesterone, 379 
hypokalsemic alkaoss, 53 
investigations, 390 
molecular genetics, 380 
prenatal dsgnosis, 380 
vinliation of female external genitalis, 
3TS 
virilzation in male infant, 378 
L'ta-Hydroxylase 
évanan biosmihetc pathways, 347 
testosterone bicéynthesis, 403 
17a-Hedroxylase deficiency 
bypokalsemic alkaloss, 53 
male peeudohermaphroditien, 382 
testicular stermid iosynthesis, 343 
21-Hydroxylnse deficiency 
aldosterone deficiency, 377-378 
congemtel acdrenal hyperplaua, 329, 
311-318 
diagnosis, 326, 379 
17OH-progesterone, 378 
hirsutism, 402 
hyperkalaemin, 56 
investigations, 04) 
molécuiar geneucs, 326%, 379-380 
neonaial screening, 370, d4é 
prenutai diagnosis, 580 
renal sodium loss, 32, 56, 377-378 
viriliration, 577 
male infant, 376 
Hvdroxyisane bone tumover marker, 513 
Hvdrosviyssipvridinoline see Pymdinoline 
Hydroxymethoxymandelhc acid CHMMA) 
urine level, 325, 666 
rhsecchromocstionms, 572 
vanillus imtake-related variation, 10 
Hydroxymethylbilane HMB), baem 
biosynthesrs, 467 
Hvdroxymethylbilane synthsse (HMBS) 
bsem biosymthesis, 467 
led romicity, 479 
Hsdroxymethvibulanc synthase CHMBS: 


deficrency 
acute intermittent porphyria (AIP), 470, 
471 


Chester porphyria (dual porphyria}, 478 
varicgate porphyria, 472 
Hydrosmmethytgluer!t CHMG) CoA lyase 
deficiency, 445, 445 
Hydrox-methyiglhutardl-CoÂ-reductuse 
(HMG-CoA reducrase), 623 
17c-Hydroxypregnenolone, ovanan 
biosynthetic pathwavs, 397 
170-Hydroxyprogesterone {1 7OHP' 
hirsutisem, 401, 402 
21-hyvdroxvlase deficiencr, 326, 402, 410 
nronatal screening, 449 
stimulation test protocol, 410 
ovarian Hiosynthetic pathways, 397 


Hydroxyproline urinary excretion 
bone tumover estimation, 94, 512 
teoporosis, 315 
dianhyseal dysplasa, 531 
byperthyroicdtiam, 343 
ibopathic byperphosphatasia, 53] 
mädignant disease, 694 
Paget's disease of bone, 526-527 
treatment monitoring, 527, 528 
polvostotic Gbrous dysplasia, 531 
Primary hyperparathyroidism, 525 
FB-Hydroxysteroid dehydrogenase 
Ovanan bosynthenc pathnwavs, 397 
testosterone osynthests, 404 
3B-Hydroxverenoid dehydrogensse defiiency 
congenita) adrenal hyperplasia, 378 
salt wasung form, 378 
diignosis, 379 
17O0H-pregnenclonce, 379 
investiganons, 390 
raie undervinlizanon, 378, 380, 382 
molecular genecics, 180 
partial forms, 362 
testosterone biosynthesis defect, 342 
11f-Hydroxysteroid debydrogenase 
{11B-OHSD) 
cortol-cortisonce shuttle, 319 
téstoiteronc biosynthesis, 403 
11F-Hydroxyéterod dehydrogenuse 
(É-OHSD) defiiency 
cortisol metabolism, 410 
hypokalacmic alkalosis, 53 
17f-Hrdroxvsteroid dehydrogenase deBciency 
invéstiganons, 390 
male pseudohermaphroditism, 382 
vinihzation at puberty, 382 
S-Hydroxytryptemine (5-HT) 16e Serotonin 
5-Hydrostepptamine (5-HT) receptors sec 
Serotorum (5- HT) receptors 
S-Hydroxtrypeophan urinary excretion, 
carcinoid syndrome, 681 
Hypcraldostéronigm 
alkalosis, 53, 318 
cirrhosis, 244 
hypokalsemua, 53, 318 
primary se Aldosteronien, primary 
secondary, 53, 244, 325 
Causes, 325 
sodium retenton, 36, 37 
Heperammonaermis 
chimcal festures, 607 
bepatic encephalopathy, 244, 589 
néonate, 448-449 
Causes, 441, 448 
neurmlogical deterioration, 448 
Pparenteral nutrition, 437 
organic acidacmiss, 444, 447-448 
Plasma ammonium assay, 607-608 
pyruvute curbonvlase defichency, 444 
Reve's syndrome, 250 
urca cvcle disorders, 606-607 
differential diagnosis, 607-608 
résparatary alkalosis, 607 
screening, 607-GUS 
Hyperspobetlipoprotemaemia 
coronary heart disense association. 631 
emallimigiycernide poor VLDIL particles, 
627 
Hyperbanc oxygen therapy, 677 
Hypertuliralbunaennua, 224 
acute hepatitis, 238 
alcoholic steatons, 243 
asrenpromatic patients, 233 


cerchrospinal Bud bilirutun 
(vanthochromia), 558 
congenital hypothyroidism, 439 
conjugated, 231, 232 
invesngations, 231 
hsemolytic anaenua, 231, 453 
inherwed, 234 
laundice 
hepatic (hepatocellular), 231 
posthepatic (cholestatici, 231 
prehepatic, 231 
kermicterus, 433 
liver fumétion tests, 231, 242 
neonatal se Neonate 
Wilson's disease, 251 


Hypercalcaemis, 44-98 


causes, 05-47, | 13 

chnical features, 95 

depressive ilness, 579 

dialvsis patients, 522 
hypeérgestrinsentia itteraction, GK5 
hyperthyroiism, 343 


infancy/childhood, 430 
mvestigation, 47-08 
flow chart, 97 
malignant disease se Hypercalcaemia of 
malignancy 


multiple endocnne neoplasit ! (MEN 1), 
664, 685 
multiple endocnne neoplaste 3 €MEX 2, 
multiple myclema, 497, 499, 500 
heonate/pretenm infant, 430 
nephrogenic diabetes insipidus (DT), 38, 
4L 
parenteral fceding, 197 
polyuris, 38, 40, 95 
post renal transplantation, 142 
renal calçcuk, 170 
renal failure 
acute, 133 
chronic, 138 
sarcondosis, 338 
thyroroxicosis, 93 
treatment, 98 
vitamin D toxicirz, 190 


Hypercalcaemis, famuhial hypocalciuric, 430 
Hypercalcaenma, infantile (Williams 


syndrome), 450 


Hypercalcsenia of mralignancy, 96, 695696 


humoral hypercalérenna of malignancy 
(HHM;, 86 
investigations. ta 
metastatic bone destrucuon, 46 
castecclast-actvating factors lOAFS), 695, 
Gb 
parathyroid hormone (PTH}! assar, 90 
perathyroid hbormone-related peptide 
CPTHrePS, 93, 96, 605, 696 
as33v, 95 
ectopic producuon, 690, 642 
viamin D 'metabolite c-hydroxvlstion, 695, 
GE 


Hypercalonar 


byperthyroihism, 343 

siopathie, 10% 

csteoporosis, 516 

phosphate transport defects, 167 

renal calcul formation, 169-170 

renal tubular acidosts rype I (ciassic distal}, 
[LES] 


Hypercapria 


hypoxserma, #4 


Hypercapnia (conf) 
poisoning, 666 
rapid lewerme of PRCO., 78-70 
se also Carbon dioxide retention 
Hypercholesterolasenia 
acute mtermittent porphyria (AIP), 471 
common (polygenici, 634 
frequency. 634 
tschaemic heart disease association, 634 
pornhyrias, acute attacks. 479 
véreening, 4, 9 
therapeutic diers, 194 
Hypercholesterolaemis, familinl, 2, 633.634 
atherosclerosis, 633 
checal features, 6335-6354 
homosvgous stûte, 644 
hpoproteinta), 625 
low density lipoprotein (LBLS plasma 
concentrauon, 627 
low denaty hpoprotein (LODEL): receptor 
deficiency, 627 
mutations, 634, 757 
Hypercitrulhnaenus, 444 
Hyperements gravidarum, 335 
Hypergasminaemiia, 685 
Hyperglucagonaemia 
Cirrhosis, 271 
diabetes mellious, 271 
glucagonoma MEN 1, 684 
Hypergivycsemus 
acute pancreantis, 785 
adverse effects, 257 
chronic hiver failure, 220 
crhouis, 271, 365 
diabetes mellitus 
long-16rm complications, 271 
non-insulin-dependent (NIDDM),, 266 
267 
growth hormone response, 438 
insulin release, 260 
insulinomna removal response, 289 
tmalignant disease, 694 
metabolie response to mjurs, 355 
neurologcal disturbance, 589 
osmotuc diuresis, 123% 
parenteral nutrition in Qeonato/proterm 
mifant, 437 
potasstum hsinibution/replacement, 30 
Hyperglycinaemia 
ketotic se Promonc acidacerne 
non-ketouc, 449-450 
Hypernaulinaenin 
chrome renal falure, 365 
rrhoss, 271, 365 
chabetes melltus 
long-term complications, 271 
maternal, 429 
noninsulin-dependent (NIDDM;, 2 
fasting hvpoglycaemia, 285 
Fhydroxvburvrate plasme concentration, 


ineulin resistance, 267 
msulhinoms, 684 
cbetuty, 266 
primary hyperparathyroidismn, 266 
Hyrerinsulinaems syndrome, 265, 267 
dyslipidsemis, 272 
Hyperinsulinaemc glucose clamp test, 279, 
285 
Hyperkalacmma, 55-58 
acidosis, 30, 71 
Addison’'s disease (primary 
hyposdrenalhiemi, 122 


akiosterone release, 26 
asCires therapy monitoring, 246 
cales, 59-57 
chloroquine poisoning, 66% 
chüinical aspects, 55 
digoxin poisoning, 669 
éthérgency treatment, 58 
hypouldosteronisem, 33, 56-57, 138, 420 
ketoacidosis, 276 
laboratory investigations, 57-58 
Management, 58, 133 
nouromuscolar funcrion, 30 
potassium body stores reduction, 58 
potassium retention, 56 
redistnbution hvperkalaerntia 

in vire (spurious/pscudohyperkalsemisa), 

35,97 

en eron, 55-56, 57 
renal failure, 4 

acute, 133, 134 

chromc, 138 

with crhostis, 246 
renal tubular acidosis type TV, 74, 167, 

168, 171-172 

with sodium depiction, 33, 33 
surperv-related varation, 10 


Hyperkalsemic peñiodic paralysis, 56 
Hyperlactatsemia, 85 
Hyperipidacmin, 621-640 


acquired (secondary), 635-637 
Causes, G30 
cutancous hipid deposition, 637 
alcohol abuse, 671 
classificanon, 628-629 
chabetes mellitus screening, 279 
hetary Gbre intake, 184 
ektravascular manifestations hits 
depostion, 62% 
nephrobc syndrome, 154 
pregnancy, 419 
Chyroid disease screening, 354 
treatment, 64€ 
see also Drslipidaennia 


Hyperhpidsemia, combined familial (FCH), 


631 
coronary artery discase association, 631 
tucotinc acid therapy, 180 
small mylvcende-pocr VLDL, 627 
atherogenicity, 621-622 


Hypermagnessenna, 112 


cuve renal failure, 133 

Causes, 1123, 113% 

clinical implications, 112 
management, 112 

Parathyroid hormone response, 110 


Hypernatraemis, 37, 4145 


acute sodium loading, 36, 42 
causes, 42, 590 
habetic non-ketotic hyperosmolar 
hypergivcaemic states, 277 

management, 4%, 390 
néonate, 427428 

Chrucal fenrures, 428 
néurdlogical manifestations, 590 
spurious, 41 
water deficiency 

defcit estumation, 59 

with thirat, 42 

wichour turst (adipac'hypodipec), 42-43 


Hyperoxaluna, renal calcul formation, 169, 


170 


Hyperparathyroidisen 


calium pyrophesphare disease, 536 
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clasuficaton, 90-81 
familial, 95 
MeCune-Albrght syndrome, 387 
maternal, neonatal hypocalcaenua, LOK 
mulnple endocrme neoplaga 1 (MEN 1, 
684, 685 
muiniple endocnine neoplasis 2 (MEN 3, 
647 
rene hormens (PTH) assay, 90 
primary, 90 
chimcal fcatures, 95 
genetic mechanisms, 95 
hypercalcaemia, 94, 95, 170, 430 
hépercalcuna/rensl calcul, 170 
hypennsulinaemia, 260 
infancy/chidhond, 430 
investigations, 48 
parathyroid bone diseuse, 534-525 
phosphate {TmP/GFR) reduction, 104 
prevalence, 95 
treatment, 98 
renal ostecodvstrophy, 521, 523 
bone densitometry, 523 
clinical feanures, 522 
management, 523-524 
rédiographic manifestations, #23 
renal transplant recents, 524 
secondary, 40 
chronic renal failure, 137, 1358 
hspocalcaenmua mvestiganion, 161 
mephrouc syndrome, 153-154 
Pagetr's disease of bone, 528 
phosphate (TmP/GFR} reducnon, 1064 
post renal transplantation, 142 
rickets, 431 
vitamin D deéficrency, 100, 189 
tertiary, 90 
chronic renal failure, 148 
post renal tranamiantation, 142 
Hyperphenvialammaemi 
hflerennal diagnosis, 605-606 
chromatographic tchniques, 605 
chzyINE assays, 605 
urine poorins analvais, 603 
dibydropterine reductase (DHPK) 
deficiency, 605 
mental handicap, 604-606 
phenvialanine hydroxvlase deficiency, 
É0-605 


screening, 605600 
Guthnie test, 605 
tetrahydrobioptenn (BH.,) déficiences, 605 
transient in preterm infant, 435 
see ae Phenslkctonuris (PK 
Hyperphosphatacrmis, 106-107 
causes, 106, 113 
chucel consequences, 106-107 
diagnostic approach, 107 
diaiysis parents, 522 
haemolysed samples, 106 
hypacalcaemia, 100, 101 
hypoparathiroidiam, 96 
csteomalaciarckets, 519 
renal failure 
acute, 133 
chrome, 136 
renal cstecdystrophy, 521 
therapeutic approach, 107 
Hyperphospharassentia, transient of infancy, 
432 
Hyperphosphatasia, idiopathic, 531 
Hyperphosphaturia, 343 
Hyperpipecolic acides, 451 
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Hyperprolachnaenia 
ainenorrhoes, 399 
causes, 303 
Chronic renal failure, 139, 363 
disgnous, 309 
drug-mduced 399 
£lucose itolerance/insulin resistance, 269 
hépothyreidien, 348, 300 
impotence, 408 
MeCune-Albright syndrome, 387 
pituitary portal cculation imparment, 
297, 303 
polycyenc variés assocanon, 399 
prolacthn secretion dynamic tests, 303 
treatment, 30% 
Hypertension 
acromegaly, 305 
congenital adrenal hyperplass, 326 
coronary heart disease, 103, 621 
atheroma formanon, 622 
diabetes mellitus, 272, 273 
non-neulin-dependent CSIDODM:, 26% 
scrcening, 279 
haemoiytic anaemis, 458 
muineralocornonid excess, 36, 37, 33 
obesity, 1935 
phacochromocytoma, 327 
onmars aldosteronmsm, 323, 724 
protenunsa/rmncroalbummaenus, 159 
rensl disease, 53, 123, 124, 135, 136, 137 
selective hvpercholesterolsenua screening, 5 
Hyperhyrondism. 342-347 
amioderone therapy, 346 
causes, 543-347 
chrucal features, 342-743 
ectopic thyrosd tissue, 347 
hypolipidaemis, 637 
iodine-induced, 346 
Hiver function tests, 342 
piruitary thyroid hormone resistance, 353 
rheumatological disorders, 537 
sex hormone-bindmg globulin (SHBG), 
FH 


subclmical, 228 
depression associanon, 573 
thyroid function tests, 228, 343, 344 
Ehvwroiditis, 351, 352 
thyrotomicoosis factutia, 346-347 
treatment response monitonne, 344 
TSH receptor autoantibodies, 340 
Hypertonic saline infusion 
acute dilutioaal hyponatrsemia, 48 
central pontine myelinolysis (CPM), 48 
chronic diutional hyponarrasmia, 49 
polyuns, 41 
péstenor pituitary lunctonal assessment 
(AVE test}, 59-60, 301 
Hypertrichosis lanuginosa scqusita, 699 
Hypertriglycendacrmia 
diabetes mellieus, 272, 273, 274, 636 
pseudohyperphesphataeria, 104 
pseudohyÿponatraernia, 44 
Hypertrigiycendaemis, famihal (FHTG), 
631 
insulin resstance, 631 
large VLDL particle size, #26-627 
Hypertrophic palmonars ostecarthropathy 
(HPOA), 538, 699 
Hypertyrosnserua, transient in preterm 
infant, 435 
Hyperurcaera 
diabetes mellitus (NIDDM};, 266 


élycogen storage diseases, 254 
gout, 535, 536 
bereditary fructose intolerance, 254 
Lesch-Nvhan smdrome, 617 
malignant disease, 696 
renal failure 
atute, 133 
Chronic. 157 
sarcmdonts, 538 
une acid nephropathy, 542 
uric acid sions, 170 
Hyperancosuris, renal calcuh formation, 169 
calcium stones, 170 
unic actd stones, 171 
Hyperventilanon 
alveclar oxygen uptake, 82 
anxiety disorders, 572 
ComMmpensatory, 64 
non-respiratory acidosis, 70-71, 72 
respiratorr acidoss, 76 
réspuratory sikaiosie, 79, 80 
hypophosphatsemuia, 108 
Hyperviscosiy syndrome 
investigations, 502 
multiple snveloma, 500 
Waldenstrom's macroglobulimeemia (WA), 
50:, 502 
Hyposdrenalise 
cortsol plasma levels, 519 
short Synacthen test, 520 
Hyposlbuminaemia 
acute pancreautis, 785 
ascites, 244 
glornerular discase/nephrotic syndrome, 
147, 153 
bhyperthyroidism, 542 
kwasiuorker, 142 
liver duease, 227, 244 
malignant disesse, 664 
Hvpouldosteroniem, 325 
causes, 325 
hyperkalaema, 56-57 
mMétabolic disturbances, 320 
renal tubular acidosis type TV, 7: 
sochum déficiences, 32-33 
Hypobetalipopronemacmi 
apo B molecular genetics, 631 
familial, 631 
sclected delenon of apo B-48 se 
Chylomucron retention disease 
with truncated apo Bs, 632 
Hypocalcaemia, 99-102 
acute pancrestnins, 789 
causes, 99-100, 113, 430 
clinical fearures, 99 
hypomagnesaemia, 111 
investigation, 100-102 
flow disgram, 101 
neonate, 430-431 
ostéomalacia/rnickets, 431, 518, 519 
parenteral fecding, 197 
post-parathsroidectomy, 524, 525 
renal failure 
acute, 133 
chrenic, 138 
renal ostecdystrophy, 521, 522 
treatment, 107 
Hypocalcruric hypercalcaemia, familial 
hyprercalcaemia, 94-096 
investigations, 98 
management, 34 
Hypocapnis, acute 
anxietr, 572 


CMS effects, 79 
Hypochloracmia 
acute mtermittent porphyris CAIP}, 471 
non-respuratorr alkalogis, 78 
varicgate porphyria, 472 
Hypochlorous acid CHOC, 767 
resparatory burst, 768 
Hypocholesterolaermia, Tangier disesse 
(HDL, deficiency), 598 
Hypodipsie hypernatraemna, 42 
management, 43 
subtypes, 42-43 
Hypoglycaernua, 281-294 
ilcobol-ainduced, 275, 291-292, 293, 671 
autonwnmmune, 292 
chassificanion, 283 
deficient encret intake, 292 
definrrion, 242, 294 
V'hippie's criad, 282, 294 
diabetes meéllitus, 287 
hagnostic approach, 287-384, 244 
clinical assessment, 284 
Îorw chart, 254 
history takang, 243-784 
investigations, 285-287 
drug-mduced, 287, 291 
dry reagent strip tests, 285 
endecrne deficiencies, 290-291 
exercise-related, 292-203 
facunious, 297-288 
fasting, 283, 285, 291-292, 294 
Mood glucose measurement, 285 
bloud sample collection, 285 
causes, 287-293 
laboratory investigations, 285-286 
prolongedl fast test, 285, 288, 204 
glycogen storage diseases, 254 
heéreditary fructose mtolerance, 254 
hormonal response, 282 
hyperprolactinsemis, 303 
inborn errors of metaboliem, 294 
islet cell vwumour (insulinoma}, 288-7809, 
6834, 694 
liver disease, 245, 289, 365 
liver failure, acute, 220, 240 
rmalignant disease, 693, 694 
smouscle faute acid oxidation defects, 553 
neonatal se Neonatsl hypoglvcuemia 
néurogenis response, 282 
non-islet cell tumours, 289-290 
panhypoprtutanem, 502 
postprandialreactive, 281, 286-287, 293, 
alimentery, 293 
blond glucose measurement, 286-287 
blond sample collection, 286 
causés, 293-294 
iiopatiuc, 293-204 
impair! glucose tolerance/mikl diabetes, 
293 
laboratory invesnganons, 286-287 
mixed meal tolerance test, 287, 294 
préventive regulators mechanisms, 257 
renal Gulure, 289 
Reye's syncrome, 250 
salt wasting congenital adrenal hyperplasia, 
378 
septicaemia, 292 
sulphonviurea-induced, 287, 288 
syimpionns, 282-283, 589 
adrenergic, 282, 283 
anxiety, 772 
neuroglycopenic, 257, 282-283, 589 










OAI 
adrenomveloneuropathy, 535 
alcoholiem, 366 
unorexa téervosa, 370 
impotence, 405 
inbhentéd nourological disorders, 367 
male, 405407 
clinical features, 405 
hormone receptor defects, 406 
laboratory findings, 405 
steroid biosynthétic encymme defects, 406 
treatment, 407 
obesity, genencalls determined, 371 
PORrY 
causés, 380. 300 
chromosomal disorders, 589 
delayed puberty, 189 
serminuferous tubule dysfunction, 405, 406 
see also CGonadal fulure 
Hypogonadotrophuc hypogonadisn, 405, 
406-407 
causes, 407 
delaved puberry, 389 
GaRH test, 405 
infertlity management, 407 
multiple endocrine neoplasia type | 
(MEN 1), 684 
temporary with acute illness. 404 
testes endocrine evaluation, 404 
treutment, 407 
Hypokalaemis, 49.55 
acid-base status, 31 
ACTH ectopic secretion, 306. 307 
alkalosis, 30 
non-reimratory, 54, 78 
resmratery, 79 
asotes therapy monmtonng, 246 
causes, 49-53 
extrarenal, 50-51 
redistribution ft ef SPUrLOUS 
hypokalnemia), 49.30 
redisnbution es crue, 50 
renal}, 51-53 
chloroguire porsaning, 668 
chrucal aspects, 49 
crug-induced, 319 
Fancors syndrome, 169 
gastrointestinal potassium losses, 51 
Lif-hvdrocvsteroid dehvdrogenase 
(HIF-OHSL) deficiency, 319 
hvpernhyroidison, 342 
hypomagnessemia, 111, 112 
laboratory investigenons, 33-54 
fanagement, 54-33 
muineraloconticoid cucess, 36, 57, 318, 390 
spironclactone therapy, 325 
muscle weakness, 548 
nephrogenic diabetes insimidus DT, 48, 41 
neuromuscular function, 30 
polyuna, 38, 40, 41 
renal tubular acidoais type L(clasec distal, 
54, 74, 168 
salt wastng congenital adrenal kyperplasra, 
#77: 379 
transient in acute iliness, 30 
urinary potassium level, 320 
Hvpokalaemuc periodic paralvsis, 50 
Hypolipidaemuna, 621-640 
af-hipoprotemaenna, 593 
acquired, 637 
se ao Hypohetslipoproteinacmia 
Hypomagnesaenna 
causes, 110-111, 113 


cisplatin nephrotoxicity, 646 
cimical features, 111, 606 
diabetes mellitus, 273 
hagnostic approach, 111-112 
hypokalsemia/potassium deficit, 111, 112 
malignant disease, 696 
parathyroud hormene response, 110 
parenteral feding, 14% 
therapeutie approach, 112 
Hyponatraermia, 43-49 
acute dilunonal, 44-46 
causés, 44 
laboratory investigations, 47 
Management, +8 
progressive cerchral semptoms, 46, 
5#9-5H) 
urine sodium, #8 
acute intermittent porghyris (AÏP), 471 
Addison's disease (primars 
hypoadrenaliam), 322 
ascites, 244 
causes, 549 
cellular adaptation, 44 
Chrouc dilutional, 46-47 
AVP responses, 46 
couscs, 45 
laboratory mresugations, 47-48 
management, 48—49 
ciaserficatron, 43 
correction, 48-49, 590 
hyvpertonic saliné infusion, 590 
inadvertent pontine myelinolysis, 48, 590 
habetes rmellitus, 273 
hypervoléemnc, 44 
hypoaldosteronien, 320 
hyporhyrodisn, 348 
hypovolaemic, 44 
Sohumn déficit estimation, 5% 
mahgnant discase, 696 
neonate, 427 
neurokunical manifestations, 589 
panhypopituitanem, 302 
parenteral fecding, 197 
porphyrias, acute atracks, 479 
Prinery water excess, 37 
pseudohyponatraemua, 43-44 
salt wasnng congenital adrenal hyperplesia, 
377, 338, 379 
spuneons, 42 
smdrome of inappropriatc ADF secretion, 
580-500, 696 
vanegate porphyrus, 472 
Hypoparatheroidienn 
hypocalcsenisa, 95-100 
idiopathic, 99 
inbhented disorders, 99 
parathvroid hormone (PTH} ssssy, 90 
vitarmin D deficiency management, LO2 
Hypophosphataemia, 98, 105, 107-109 
causes, 113 
Clinical consequences, 1OB 
diagnoutic approach, 168-109 
mechanisms, 107-108 
néonate/preterm infant, 430 
phosphate transport defects, 167 
post-parathyroidectomy, 524, 525 
renal phosphate handling, 10% 
erapeutic approach, 109 
Hypophosphatacuc csteomalacis, 518, 
519-520 
laboratory investigations, 519 
phosphate transport defects, 167 
plasma phosphate, 105 
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treatment, 520 
vitacmin D metabolism, 105 
Hypophosphatmemic rickets, 518 
henitabie forms, 167, 431, 432 
hypercalciuria, 167 
plasma phosphate, 105 
vitamin D metabolism, 105 
Hypophosphatasia, 52] 
biochemical findings, 521 
calcium pyrophosphate disease association, 
536 
clinical features, 521 
prenatal disenoss, 531 
Hyporituitarism, 308-309 
congenital, 309, 481 
craniophanmpoma, 409 
functiontess prositary adenomas, 308-309 
hypoglvcaemia, 283, 284, 290, 302, 381 
3-hydroxvbutyrate plasma concentration, 
286 
hépogonadotrophic hypogonadisem, 407 
hyponatréenia, 302 
inflammatory diseases, 309 
investigations, 901 
pruitery-thyroid axis assessment, 294 
minétalocorcondd deficwney, 318 
multiple endocrine necplasia type I 
(MEX Li, 684 
parascller tumeurs, 308 
pinuitary apoplexy, 309 
Pituitary metastases, 309 
post-pituitary sradianon, 32 
progression, 298, 302 
soondars adrenal faiure, 322 
Shéchan's syndrome, 309 
thyroïd hormone TSH levels, 334, 381 
Hypareninaemc hypoaldosteronism 
hyperkalaemin, 56, 57, 58, 138 
renal sodnum loss, 32-33 
renal rubular acidoss type IV, 168 
Hypertension 
acute renal failure, 129-130 
arginune vasopressin (AVP) response, 29 
Hypothalamie disorders, 295-313 
adpuohypodipeic hypernatracmia, 42 
amenorrhoes, 310 
anorexia cf malignant disease, 695 
primary polrdpsis with secondary polyuria, 
40 
Hypochalarnie ialubiring factors, 296 
portal circulation mterference, 296 
visual field loss, 302 
Hsypothalamec pulse generator, 297 
Hypothalamuc relcamng factors, 296 
laboratory measurement, 297 
Hypothalamus 
acacent neural structures, 246 
ctimcal anatomy, 295-296 
piouitarv'end-organ axes, 296-297 
releaunginhibiting factor secretion, 296 
trauma response regulation, 356 
Hypothermia 
complicating poisoning, 664 
neonaté, 424 
Hypothyroidism, 547-351 
adrenal insufbciency, 348, 351 
causes, 548-349, 439 
Chronic renal fulure, 364 
chinical features, 347-348 
congenmital, 347, 340.350, 439 
antithyroid antibocies transplacental 
passage, 335 
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Hypothyroidisn (cord) 
congenutal hyvpopibuitanem, 381 
néonatal hyperislirubinaerma, 434, 439 
néonatal screerung, 4-5, 534, 347, 349, 
4 34440 
préseniation, 4359 
chabetes mellinus association, 271, 287 
hetary iodine excess/deficiency, 350 
drug-mduced, 350 
glucose intolerance, 269 
Hashimote's chyroiditis, 351 
thyrond peromdase autoantbodies, 340 
hyperlipiduemia, 336, 6%6 
hyperprolactinaemua, 307%, 344 
hyvpoglycaerun, 261 
hyponatricmin, 48, 348 
LDL receptor effects, 616 
hpoproten hpase {LPL} activity, 636 
lithium therapy association, +70 
mental changes, 971, 573 
musche weakness, 548 
ohgomencrrhoer secondary 
hyperprolactinaenu, 399 
post-Crravés disense treatment, 345 
postnartum, 392 
postsugerhimadianon, 545, 546 
precocious pubertr, 391 
pregnancy, 351 
primary myxocdema, 349 
theumatological disorders, 577 
secondary, 550 
severe non-thyroid illness, 335 
thvroid function tests, 346-349 
perchlorate discharge test, 337 
T3 levels, 348, 349 
“T4 levels, 348, 349 
thvroid-stimulaning hormone (TSH, 
338, 139, 349 
total T4, 337 
thvroid-stimulanne hormone (TSH) 
deficiency, 302 
thyroidins, 351, 352 
treatment, 356-351 
myxocdems coma, 550 
oral replacement therapy, 350-351 
TSH monitoring, 643 
TSH rocepror auroantibadies, 340 
Hypouncaemis, 536 
hereditery renal, 168 
Hypoventilation, comipensators 
non-respiratory slkalosis, 77 
respiratory alkaloss, 79 
Hyporolaea 
acute renal failure, 129-130 
arginine vasopresan (CAVP secrenion, 297 
non-osmote Wurst, 29 
renal calcium reabsorption, #9 
trauma/sepsrs response, 335, 357 
Hypoxsemis 
acute pancreatntis, 183 
alveolar bypoventilation, 54 
alveolar diffusion defects, 84 
causes, #2 
hypercapnia, 34 
poisoning, 660 
Hypoxanthine guanine 
phosphonbosvitranséerase (HGPRT) 
assay, 01% 
definency, 616 
Eypoxss, 85-86 
acute/chronic brain syndrome, 570 
causes, #5 
detwcuon, 85 


lactic acidogs, 74 
management, 86 
oxygen-hasmoglohin dissociation curve, 85 


hthyoss, acquired, malignant discase 
association, 606 
Idiopathie postprandial hypoglycaemia, 293 
Iduronare 2-sulphatuse wssay, 616 
Iduronate 2-eulphatase deficiencs, 615 
Q-1-Ïduronidase sssay, 616 
a-1-Iduromdase deéficiency, 615 
IgA, 493 
1gM 
paraproreins, 501, 502, 505 
primary biliary cirrhous, 242 
siructural aspects, 493 
Ileal segment unnary diversion, 52 
lmmune complex paraprotcinaemia, 505 
lmimune fancuoe 
Chronic renal fssiiure, 137 
trunune cell endocrite receptors, 357 
néuroendocrnetmnmunc aus, 457, 358 
age-sssocisted cfects, 373 
glvcoprotein hormones, 357, 358 
regulatory loops, 360 
stress hormones, 359 
nutnüonal status asacsement, 187 
immune haemolysis, laboratory diagnosis, 
461 
frmmune haemolytic anaemias, 457 
Immune-mediated renal diseuse 
glomerulonephrits, 147 
malignent disease, 698.699 
Immunoglobulin genes, 494 
Immunoglobulin synthesis 
B cell lymphopoiesis, 494495 
DNA rearrangements, 404 
heavy chain, 494 
light chain, 494 
monoclonal igfparaprotein, 495 
Immunoglobulins 
antigenepmiope-binding site, 443 
cerchrospinal fluid (CSF), 560 
IgG index, 561 
leG oligoclonal bands, 561, 565, 566 
lgG quantianon, 561 
chronic active avroimmunce hepatris (AÏ- 
CAH};, 242 
conslant regions, 493 
hesvy chains, 493 
intrathecal synthesis, 561 
] chain, 493 
heht chains, 493 
parsproteinaennus, 495 
proumal rubular reabsorpuon/carabolism, 
145 
secretory piece, 403 
structural aspects, 493 
varicty, 493494 
sunovial fluid analvas, 542 
urinary cucretron, 159 
variable regions, 493 
Immunosuppression 
muluple myeloema, 499 
trantient paraprotemacmis, 503 
chronic autormmunc bepautis, 233, 234, 
242 
liver transplantauon, 255 
renal transplantation, 142 
Impaired glucose rolerance (IGT} 
chronic renal failure, 365 


curhosis, 248, 271 
classification, 263 
congenital conditions, 270 
endocrine abnormalitses, 260-270 
insubin receptor mutation, 262 
macrovasculer disease, 272 
malgnant disease, 693, 694 
parenteral fecding, 107 
porphyna cutanes tarda, 476 
porphynas, acute attacks, 479 
reactive hypoglvcacmia, 293 
implantation, 395 
lmpotence, 408-410 
causes, 408, 409 
drug-mduced, 406, 410 
itvestugation, 48.410 
psychogenic, 408, 410 
wesaunent, 410 
Éx vitre fertilisation, 400 
FSH treatment monstoring, 400 
superoviulution tréatment, 401 
Insceuracy, 12 
Inborn errors of metabolism, 73-74, 
250-254, 479-451, 599-618 
néonatal presentation se Neonare 
Incidence, defuton, 20 
Indian chuldhocd crrrhosts, 252 
Indications for bochermical tests, 1. 5 
Indirect ancaglobulin test, 461 
Indinec: calorimerrs, 187 
Individuel screening, 5 
Indocyarnme green chegrance test, 230 
Indomethacin, 41, 425, 427 
Infection 
ecquired haemolstis ansemia, 458 
energy requirement, 174 
mulnple mreloma, 406 
sickle cell anaemis, 488-489 
Infectious samples handling, 241 
Inferisr vens cava thromibonts, 153 
Infertility 
causes, 400 
chronic renal failure, 363 
byperthyrondiem, 343 
investigation mn women, 400-401 
male hypogonadotrophic hypogonadism, 
407 


rmalgnant disease tresnment, 702 
superovulation treatment, 401 
acute phase response, 733 
anaphylotomns (C3a/CSa), 733-733 
reactive oxvgen species, 773 
Inflsmmmeatorr boiel disease 
angotenan-convertng enxvme LACGE, 541 
anhrinn, 537 
delaved puberry, 389 
hiver funétion tests, 342 
metabolic acidoss/hypokslaemin, 51 
primary sclerogng cholangius, 242 
secondary lactase deficiency, 206 
Influenza À, 436 
Influenzxs BH, 436 
Inhituin, 403 
folliche-stimulating hormone (FSH) 
regulation, 247, 306, 40% 
Kinefelter’s syndrome, 406 
menstrual cycle, 395 
structural aspects, 196 
Insertions, 742 
actions, 261-263, 281 
armylin co-secreuon, 266 


Insulin {coruf) 
APUD tumour sccrenion, 712 
bioswatheus, 259-260 
bone metabolism, 93 
C-peptide, 259, 260 
crcadian changes, 274 
deficicncy states se Diabetes meilitus 
DNA analytical techniques, 280 
exerose-associated changes, 275 
factinous hypoglycsemin, 287 
fasting hypoglycaemis, 283 
genetic abnormalites, 261 
glucose transporter responses, 259 
hepanc metabolism 
first pass effect, 260 
bver disease, 365 
kimetics, 260 
Epid metabolism, 275-274, 621, 622, 633, 
636 
metabolié response 10 injury, 720 
muscle metabolism, 546 
neonatal carbohydrate metabolism, 428, 
429 
normoglvcaemia regulation, 258, 259, 621, 
622 
phosphate dismmbution, 103, 106 
rlasma concentrations, 260 
rotassrum distribution, 30 
prepromsubhn, 259 
proinsulm, 259, 260 
second messengers, 2627-2603 
secretion, 260 
selladministration se Factitious 
hypoglycserm 
starvaton, 368 
structure, 260 
Insulin antbodies, 270-271 
autoantiboches, 27 1 
B cell funcron estimation, 285 
biochemical tests, 279 
factinous hypoglycaernis, 3287 
Insulin plasma concentration 
cirrhosis, 244 
food intake-relared variation, 10 
khypoglrcsemu 
adrenal ineufficiency, 291 
alcohokinduced, 262 
fsctinous, 287, 288 
fasting, 245, 294 
neonatal, 429, 442, 445 
pitutary meucoencr, 290 
non-isler cell turnours, 260 
obese patients, G 
se also Hyperinsulinaemnia 
insulin roocptor, 261, 263 
activanon., 261 
assuy, 279 
PNA analvucal techniques, 280 
genets abnormalines, 262, 263, 268 
insulin resistance, 267, 279 
acanthous méncans, 270 
leprechaunism, 270 
unternahration, 263 
intraccliluiar second messengers, 263 
Insulin receptor annbodies, 292 
Insulin resistance 
acanthosis migricans, 270 
associated conditions, 270 
biochemucal tests, 279-280 
Chrome renal failure, 365 
curhoms, 271, 405 


dishetes mellirus 
long-term complications, 271 
non-insulin-dependent (NIDDM, 267 
fanukhial hypermgvcendaemia (FHTG), 
1 | 
byperinsuhinaemic glucose champ test, 279, 
280 
hyperprolactinsemis, 269 
insulin-binding annbodies, 270-271, 279 
leprechaunisn., 270 


lipodyatrophy, 270 
mahgnant disease, 644 
meétabolic response vo miury, 720 


obesity, 267, 279 
polyerenie ovary syndrome {PCOS), 369, 
399 
pregnancy, 41% 
Insulin stress test (IST; 
ACTH reseree assessment, 301 
ACTH-sdrenal axis assessment, 298-2399 
chronic renal falure, 365 
combined pituitary function test, 300 
contraindicanons, 249 
Cuslung's disease treatment monitoring, 
308 
growth hormonc reserve assessment, 299, 
301 
indications, 412 
poét-surgcsl pruitary function assessment, 
301 
protocol, 312 
losulin suppression test, 288 
Insulin therapy, 265, 274 
anti-insulin antibodies, 370 
chronic renal failure, 138 
diabetic nephropathy prevention, 158 
hypoglycaemia, 589 
alcohol consumption, 292 
fasting, 283, 287, 289 
with renal impairment, 289 
intércutrent 1liness, 274 
ketoacidons, 277 
non-insulin-dependent diabetes mellitus 
(NIDDM), 266 
nén-ketotic hyperosmolar hyperglycaemic 
states, 277 
overdose, 287 
pregnancy, 419 
redistribution hypokalaemia in vire, 50 
Insulin tolerance test (TT) se Ineulin stress 
test (IST: 
Issulin-Bke growth factor | (IGF1), 263, 
133 
acromegals, 304, 305 
attrons, 725 
beme matrix, 509 
calunmbone metabolism, 93 
chronic renal failure, 362 
delaved puberty, 359 
fetal'neonatal plasma concentranon, 438 
CH in control of synthesis, 297 
growth effects, 297 
bypoglycaemis, 290 
metsbolic response to mjury, 347, 720 
nutritional status assessment, 187 
parenteral solutions, 1946 
renal phosphate handhng, 104-105 
Insuiin-like growth factor à IGFA, 263, 725 
bone matrix, 500 
chronic renal fulure, 362 
hypogliscaernia, 290 
Insulin-Uüke growth factor (GF) receptors, 
261, 264 
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Insulinlike growth factors GS: 
somaromedins), 267-264, 725 
sge-sssocated Changes, 373 
chronic renal failure, 138 
growth stamulanion, 438 
Insulinoma, 288-289 
benign adenoma, 268 
chuncal features, 258 
diagnosis, 288 
differential diagnosis, 683 
hormones secreted, 288 
hypogtycsemus, 283, 285, 288, 694 
chrome, 559 
investigations, 245 


localization, 288 

malignancy, 288 

multiple endocrine neoplasia 1 (MEN 1, 
687-684 


treatment, 189, 684 
Intensive care patients 
magnesium deficiencs, F0 
near-patient testing, 14 
Interference, 12 
Imterferon therapy 
carcinoid tumours, 682 
Chronic viral hepatuns, 243, 1241 
islet cell umour management, 683 
thyroid function tests, 241 
Inrerlerons, 721, 724-726 
actions, 358 
endogenous pyrogen effects, 698 
prostaglandins in regulation, 359 
Intenndividual vanation 
calculation, 11 
comparison of results with relercnce limits, 
18 
Enterleukan 1 (LI), 717, 721, 722, 126 
actions, 398, 722 
acute phase response, 358, 734, 73% 
Lime course, 736 
arginine vasopressin (AVP) release, 357 
bone metabolism, 93 
CSa-mediated relcase, 733 
cellular distribution, 358 
clinical shock, 744, 735 
cortisolstress honmone response, 719, 735 
endogenous pyrogen activity, 606, 726 
enthropietsc actisity, 725 
hypercalcaernia of malignancy, 96, 696 
inflammatory response, 733 
lipopolysaccharide (LPS) response, 722, 733% 
Frmphocyte activanon (LAF) assay, 772 
metabolic response to injury, 119, 733 
hypothalamic activation, 356 
multiple myeloma, 499, 500 
prostagiandins in regulation, 359 
Interleukin Le (ILioï, 722 
Interleukin 18 ŒL1fh, 722 
hypercalcaemus of malignancy, 6%6 
Interteukin 2 (FL2), 721, 722 
actions, 722 
mierteukin 6 (ÎLé) response, 723 
multiple myeloma, 4909, 500 
Interleukin 3 (IL3), 72}, 722 
actions, 722, 723 
Interleukim 4 (1LA}, 721, 723 
actions, 722 
Interieukin $ (ILS;, 722 
actions, 722-723 
Interleukin 6 (IL, 717, 721, 725-724, 726 
actions, 398, 723 
acute phase response, 358, 727-724, 754, 
736 
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Interleukin 6 {IL4), (camtl 
taime course, 730 
arginine vasopressn (AVP: response, 357 
C-reactive protein response, 563 
cellular distribution, 354 
FDPs sumulation of release, 732 
fever, 126 
bypercalcaemia of malignancy, %6 
hpopolysacchaneke (LPS) response, 723 
muluple mrelouma, 500 
sépais-associated hypothalamic activation, 
356 
Interleukin 6 (IL6) receptors, 723 
Interleukin 7 (LT), 724 
Interleukin 8 (ILE), 724 
Interleukins, 721, 722-724 
Intermediate densry lpoprotein (DL), 624 
npo B-100, 624 
ape C-I, 635 
apo C-I1, 625 
apo C-If, 625 
ape D, 625 
atherogenesis, 621 
chronic renal failure, 138-139 
hepatic uptake, 627 
H'PGL hvdroivsis to LDL, 627 
hypothyroidiem, 6 36 
low density hpoprotem (LOL) receptor 
binding, 627 
metabolic transformanon, 627 
remnants, 627 
Intermittent perituneal diaiysis, 142 
Intérmattent porphyna, acute (AIP), 253 
470-471, 746 
acute abdomen, 787 
acute attacks 
investigation, 480 
tnggers, 470, 471 
canner detection, 471 
clinical features, 470-471, 597 
differential diagnosis, 471 
genetic aspoctra, 470 
investigation. 471 
latent disease, 470 
prevalence, 470 
treatment, 471 
vartegate porphyria (VP) combination, 
477478 
interpretation, 15-23 
comparison of observed results with 
previous values, 19 
comparison Gf observed results with 
reference limits. 17-19 
computer systems, 23 
ontical differences calculation, 19 
cut-off values, 18-19 
normal range, 15-16 
reference values, 16-17 
réhability of data, 15 
Intersex, 375-385 
classification, 376-377 
investigations, 3640-39 1 
karvotype, 350 
Incerstinial nephrits se Tubuloinmrerstitral 
nephropathy 
Intersotial space, 25 
Intestinal absorption 
absorptive capacity assessment, 215 
amine acids, 207 
cvsünuna, 165 
familial renal iminoglvéinmuria, 167 
Hartnup disorder, 166 
calcium, 88-89, 210 


assay, 94, 113 
Chronic renal failure, 138 
Kiopathic hypercalcuria, 105 
Ostéoporosis, 316 
rénal astecdvstrophy, 521 
carbohydrate, 206 
fatty scidstnacyiglycerols, 209 
foiate, 203 
rron, 20H 
vita C, 181 
magnesiumn, 10, 210 
oxalate, 170 
peptides, 2677 
phosphate, 104, 104 
ihopathic bypercalcuris, 105 
renal ostendystrophe management, 521 
viamin B,,, 204-205 
Intestinul aspirate culture, 212 
Intestinal brush border peptidases, 107 
Intestinal carbohydrate digestion, 205-206 
Intestinai lyraphangiectasia, ZI 1 
Intracellular fluid (ICF), 25 
body water content relstionsup, 26 
clecrrolye compontion, 25 
cémolahry, 26, 28 
osmotic pressure, 2 


volume, 26 
water, 28-20 
Intracean:al tumour 
CSF markers, 503, 566 
CT scan, 565 
precocious puberty, 387 
Inerahepanc cholestass of pregnancy, 248 
Intraindnndual vanation 
analvucal goals definition, 13 
calculation, 10-11 
comparison of observed results with 
reference limits, 18 
Intraucerine growth retardation se Smail for 
dates (SFD) infants 
Intrauterine infection 
hepatoceliular damage, 434, 435 
hyperbilirutinaerna 
conjugated., 435 
unconjugared, 434, 435 
intrauterine growth retardation, 423 
lntravuscular space (plasma volume), 25 
Entravencus glucose rolerance test VGTTS 
280 
Inennsic factor (LE) 
deficiency, 205 
vitamin &,, abecrption, 204 
Intron, 687, 762 
Inulin cléarance, 125-126 
Intime 
dietury, 182 
hypothvroidism, 350 
thyroïd gland metabolism, 331-332 
Wolff-Chaïkoff effect, 332 
thyroid metaboliem, 331-332 
lcdotyrsine dehalogenase deficiency, 350 
lon exchange resins, 139 
Ipecacuanha, 664 
Lron 


dietary sources, 200 

functional aspects, 200 

protem-bound stores, 200 

status assessment, 201, 203 
Iron chelation therapy, 489, 666-670 
Iron deficieney, 201 

assessment, 187 

articular disease, 541 


on sbsorption, 261 
laboratory imvestigauions, 201, 20% 
red ceil fragiliy, 461 
Iron deficiency ansernia, 199, 200, 201 
chnical features, 201 
hypokalaemia, 51 
intravascular haemolvsis, 458 
inahgnant disease, 697 
phenylalamne louding vest interference, 606 
Iron metabohsm, 200-201, 203 
absorgnon, 200-201 
assessment, 203 
control, 201 
dietary binding factors, 200, 201 
cnicrocyte events, 201 
gastne vcidiy, 200-201 
combined pituitars'testoular dysfuncuon, 
405 


free radical reacuons, 766 
haemochromaross, 772 
ischaemic reperfuson injury, 773 
hpid peroxidation, 766, 767 
neurdlogcoal disorders, 773-774 
haein catabolrsm, 458 
homoecostasis, 201 
malhgnant disease, 695 
porphynia curanca tarde, 476, 477 
tron overtoad, 250-251 
alcoholic liver disease, 3243 
FH thalassaenua major, 486 
chronic, 201 
crthroporetie porphyria, 474 
ervthropoietic protoporphyria, 475 
extravascular haemoiveis, 458 
glucose intolerance/secondary diabetes, 269 
haemosiierin, 208 
hypogonidismimpotence, 247 
laboratory mvestigations, 203, 250 
hver Mmopey, 251 
porphynia cutranca tarda, 244 
transierrin saturanon, 228 
Eron plasma concentration 
acute phase response changes, 737 
extravascular hiemolyas, 458 
genetic hacmochromatosis, 250 
posture-relarcd variation, 10 
Tron poisoning, 201, 660, 669-670 
clinical features, 660 
liboratory mvestiganon, 203 
management, 669070 
serum analysis, 660 
touic doses, 669 
Ischaemic exercise test, glvcolvus disorders, 
550 
protocol, 555 
Ischacruc heart disease see Coronary artery 
diseanc 
lschacmic repérfusion injury, 772-773 
Islet amwloid polypeptide (LAPF) see Amvylin 
lslet B cells see Pancreatic $ cells 
lister cell rumours 
ectopic ACTH secretion, 306 
MEN 1 16e Multiple endocrine neoplasia 1 
(MEX D 
prolineulin plasma concentration, 286 
see ae Insalinoma 
Locoproporphyrn, faecal 
heparcersihtopoetis porphsria, 477 
porphyria Cutanea tarde, 476, 480 
Isodisoms, 746 
Iscleucine metaholiste, 447 
Isoleucine metabolism défect, 445 
Isonianad. | 50 


Isoronic saline infusion, 77, 78 
Isovalenc acidaemin, 445, 448 
Isovaleryi CoA dehydrogenase deticiency, 
+45, 48 
nconstal presentation, 448 


} chain, 493 
] genes, 494 
Jaundice 
acute liver failure, 340 
alcohelic her disease, 243 
bactertal infection, 249 
bilirubin plasma concentration, 223, 234, 
225 
galactossemua, 254 
hsemoltytic ansemums, 453, 464 
hepatic (hepatocellulars, 231 
hepatitrs 
acute, 2354, 239 
chronie active CCAH), 240 
viral, 258, 239 
liver function tests, 231 
nconiate, 224 
cholestasis, 434 
cousated hypertelirubimaemis, 434 
haëmolstic disease of newborn, 453, 434 
physologcal, 433 
unconjugated hyperbihrubinaeniia, 
433-434 
posthepatic (cholestanc), 231 
pregnancy, 244 
préheparic, 231 
primary bihuty cirhosrs, 242 
primars sclerosmng cholangins, 245 
total parenteral nutriuon (TFAN), 249 
Jejunal segment urinary diversion, metabolic 
complications, 31, 52, %6 
Joint phrsiotogy, 533-534 
Juvenile Chronic rheumatoid arthrits, 538 
Juxtaglomerular apparatus, 120 


KR dilution lean tissue mass caumation, 188 
Kallkrein, 640, 731 
Kaliman's eynmdrome, 302, 309, 386 
chnical feutures, 407 
genetic aspects, 389 
genadotrophin deficiency, 349 
hypogonadotrophic hypogonadien, 407 
neuronal maigrauon defect, 389 
trentiment, 407 
Kasser-Fleischer rings, 242, 251 
Kesrns-Sayre syndrome 
CSE protein clevation, 552 
mitochondrial genome rearrangements, 553 
Kennedy's disvase, 797 
Kernicterus, 433 
Crigler-Najjar syndrome, 232, 434 
néanatal jtuncdhice, 253 
risk factors in preterm infants, 433 
Keshan disease, 183 
Keto acid metabolism disorders, 610-611 
Ketoacdosis, 72 
see alse Alcoholic ketoscidosis; Dhabetic 
ketogcxiosss 
Ketoconarale, 323, 684 
Kertone bodies 
creatinine plasma assay interference, 1236 
detecuon, 276 
cnerey metabolism, 2558, 259, 261 
fatty acil omdatron detects, 553 
ketoscudoss, 276 


tiver metabalison, 220 
neonatal metabolism, 429 
non-insulin-dependent diabetes mellitus 
(NIDDM), 267 
production, 281 
starvation, 368 
Ketone synthesis, imbern errors, 445-447 
Ketonurra 
inbors errors of metabolism, neonatal 
presentanon, 441 
ketoacdoss, 276 
Ketotic hyperglrcinaemmia 16 Propionic 
ackiaemia 
bioad vessels, 120 
congental absence, 117 
congerital anomales, 117 
letal/neonatal development, 426 
functional aspects ser Renal funcoüon 
gross anatomy, 11% 
mucrostructure. 117-120 
Kinins 
activation by contact system, 731 
cicosancids biosynthesis, 731 
renal blocd flow, 143 
Klcbseda infection, 170 
Klinefelter's sendrome (XX), 405406 
abnormal male differentianon, 381 
chinical features, 369, 405.406 
incidence, 389 
karvotvpe, 389, 406 
primary hypogonadism, 589 
Korsakoff syndrome, 571 
biochemméal investigations, 571 
chmical feurures, 568 
neuropatholgical changes, 564 
see abe Wermcke-Korsakoff syndrome 
Krabbe's leukodystrophy, 591, 615 
Kusemaul breathing, 70 
Éwashiorkor, 102 


Labelling of specimens, 8 
Labetolol, 328 
Laboratory audit, 13 
Lactase, 206 
Lactase déficients, 206 
chucal features, 206 
congenital, 206 
diarhoes, 213 
hydrogen breath test, 207 
lactose tolerance teur, 207, 214 
primary, 206 
racial vanation, 206 
secondary, 206 
Lactate 
cercbrospunal fluid (CSP, 552, 559, 564, 
566, 567 
energy metaholism, 258, 250 
insubn relcase response, 260 
metabolism, hydrogen ion praxduction, 
6465 
plasma concentration, 72 
inbern errors of metabolism, neonatal, 
441, 442 
non-insulin-dependent dinbetes imellirus 
(NIDDM), 266, 267 
panic attacks, 572 
respiratury chain defects, 552 
Lactate dehydrogenase (LEH) 
activity measurement, 551 
ascites, 245 
cerebrosminal Quid (CSF), 463 
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hrstochemicel demonstrancn, 551 
malgnant disease, 695, 698$ 
microangoparthie haemolytic ansemis, 698 
muscle diseuse, 549 
myocardial infarction, 781-782 
pulmonary embolus, 7R$ 
tubular damage assessment, 155 
Cumour marker, 708, 715 
Lactation 
cakcrum losses, #9 
dictary protein requirement, 176 
encrey requirement, |74 
magnesrum kosses, 110 
phosphate plasma level, 1034, 105 
prolactin, 297, 4103, 3%6 
anc requrement, 182 
Lactic acidoste, 72-74 
alcoholk-induced fasting hypoglvcaemia, 
292 
causes, 71 
Disomer accumulation, 74 
hereditary fructose intolerance, 254 
inhenited metabolic disorders, 73-74 
néunate, 441-444 
malignant disesse, 603, 694 
short gut svmdrome, 213 
treatment, 7 
type À (hypoxic), 73 
type B, 73-74 
Lactose, 205 
Lactose tolerance test, 207 
protocol, 214 
Lactulese, 213 
Laetnile, dietary, 181 
Laren-type dwarfisn, 309 
growth hormone, GTT response, 304 
Latex agglutination test, 549 
Lawrence-Moon-Biedl syndrome, 349 
Luxative abuse, 51, 52 
Laxatve-induced dtarrhoes, 213 
1-dops, GH reserve assessment, 299 
Lead poisoninge, 670 
chelation therapy, 670 
choical features, 479, 480, 670 
chugnosis, 661 
haëem biosynthetic enzyme effects, 479 
nephrépathy, 57, 155 
porphyrinuria, 479 
Lean body mass, 188 
Leber's hereditary optic neuropathy, 5534 
Lecithin:sphingomyelin ratio, 417 
Lecthin cholesterol aevl eransferase (LCAT), 
528 
acovation by apo À-1, 624 
activation by apo A.IV, 624 
chronic rend) failure, 365 
HDL metsbolic transformanons, 627, 628 
nephrétic sundromé, 154 
Lecithun cholesterul acyi transferase (LCAT) 
deficiency, fanuial, 628, 635 
clinical features, 635 
genetic aspects, 624 
lipoprotein K, 625 
Leprechauniem, 270 
Leprosmrosis, 246 
Lesch-Nshan syndrome, 616-617 
chnicsl features, 616617 
neuroiogcal déficits, 616, 617 
diagnonis, 61% 
genc therapy, 760 
heterozygote detection, 417 
bypoxanthine guanine phosphoritosyl 
transferase (HOGPRT) assay, 617 
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Lesch-Nvhan syndrome (som) 
hypoxanthune guanine phosphonibosyl 
transferase CHGPET) deficienes, 616 
prenatal dagnosis, 617 
une acid overproduction, 616 
Leucine intolerance, 549 
Leucme metabolism, 447 
Leucine metabolism defect, 449 
Leucine stimulation test, 288 
Léukocvte endogenous mediator (LEMY:, 721] 
Leukocytoss 
Malignant disease associations, 608 
metabolic response to injury, 736 
Leuksermis 
chemotherapy-associated hyperkaslaemiua, 56 
Copper metabolism, 695 
CSE B-microglobulin, 563 
dermatomvosinis/polymryostns, O0 
intrathecal cytoresic drug therape, 566 
joint involvement, 538 
paragrotéinsenua, 502-503 
phensialanine losdine test interference, 606 
recismibution hyperkalsernia in cire, 55 
redistribution bypokalsemia ee tutre, 50 
renal potassium loss, 53 
tumour vais smdrome, 
hyperphosphatsenma, 106 
unc acid nephropathy, 535-536, 538, 606 
Leukocyte respiratory burst 767-768 
Leukotnene A (LEA), 128 
Leukomence B, {LTE,), 728, 729 
Lrukoinene ©, (LTC.:, 728, 729 
Leukoiriène D, (LTD), 738, 729 
Leukoimiens E, (LTE,), 728, 729 
Leukoiniene F, (LTF,), 728 
Leukotriencs, 726 
actions, 729 
boosenthesis, 623, 726, 728 
CSa-mecated release, 733 
essential (utty acid precursors, 175 
sucrure, 127 
Leuprolide, 401 
Levonorgestrel, 430 
bipoprotem effects, 4346 
Levdig cell aplasia, 381 
Levdig cell tumour, 405 
Levdig cells 
alcohol metabohism in alcoholcs, 366 
androgens production, 402 
development, 375, 381 
fetal testosterone secretion, 779, 376 
funetional aspects 
age-associated changes, 373 
male hypogonadiem, 405% 
functional assessment, 405 
Kimetelter's syndrome, 406 
testosterone biosynthesss, 342, 402, 403 
HCG stimutanon test, 390 
LH effects, 403 
LHRH see CGonadotrophun-rcleasing hormone 
(CGnRH) 
Liddle’s syndrome, 53 
Lidocaine, 29] 
Ligase-mediated allée detection, 750 
Light chain protemuns, 157, 158 
Light chain synthesis, 404 
Light chains, 493 
Lamine encephalopathy, 701 
Liangual hpase, 204 
Linkage discquilibrium, 744 
Linkage studies 
eucrosatelite polemorphiams, 753 
mainisatellite polymorphismes, 743 


prenaral diagnoss, 753 
tracking of mutant gencs, 751-752 
Lanked genes, 744 
Linokeic act, 175, 208 
Lanolenit acid, 175, 208 
Lipase plasma concentration, 786 
Lapid emulsions 
acute renal failure, 134 
hepatotoncty, 249 
parenicral solunons, 196 
Lipid peroxilation 
Gatocopherol antioxidant, 770 
atherorms formanon, 774 
cell membrane damage, 766 
frce radicals, 766 
glutathione peroxidase in terminarnion, 771 
iron-induced hacmochromatons, 772 
measurement, 774-773 
chene cenjugates, 773 
throbérbitunc acid, 775 
volatile hydrocarbons, 773 
porphync photosensitivity, 478 
transition metal mvolvement, 766 
Lipid storage discascs, 612-616 
Lipids, 622-621 
classification, 622 
funcrons, 622 
pregnancy-associated changes, 419 
see aise Fat 
Lipocortm, 356 
Lipodwstrophy, familial, 270 
Lipoid adrenal hyperplasis se Cholesterel 
desmolase deficiency 
contact system activation, 731 
interleukim | (IL1) response, 722, 735 
intericukin 6 (LS) response, 723 
sopais-ansociated hypenrhalamic activation, 
156 
septic shock, 734, 735 
tumour necrons factor a CUNFa} response, 
124, 735 
Lipoprotein disorders sec 
Dvilipoproteinaemias 
Lipoprotein hpasce inhibiror, farulial, 632 
Lipopretein lyoase (LPL), 274, 628 
apo A-TV activation, 624 
apo C-I activation, 625, 628 
apo CI inbubition, 625$ 
chronic renal failure, 139, 365 
chvlomicrons hvdrolvss, 625-636 
hypothyrouhem, 636 
nephronc syndrome, 154 
postheparin lipolstic acuviry (PHILA) assay, 
539 
very low density lipoprotein (VLDL; 
hydrolysis, 627 
Lipoprotem hpase (LPL) definency 
chviomicronsemis syndrome, 632 
clinical feutures, 632 
héterozvgore idenufication, 632 
type L hyperlipidaemmas, 629 
Lipoprotein X, 625 
familial LOAT deficiency, 635 
Lipoprotem(s), 625 
coronary heart disease nsk association, 625 
measurement. 639 
Lipoproteins 
classificanon, 624 
diabetes metlious, 273-274 
liver synthesis, 220 
meétaboltion, 625-628 


endogenous patlwas, 626-627 
enzymes, 628 
exogenous pathas, 625-626 
Bigh densnty hpoprotein (RDL);, 827 
nephrotc syndrome, 154 
destrügen therapy-assocated changes, 
420-431 
posture-related variation, 10 
pregnancy, 419 
séparation techniques, 639 
structure, 624-625 
3-Lipoxygenase, 729 
Liquorice, 319, 325, 548 
Lithiur 
bipolar affecuve disorders, 579 
chronic dhlunonal hyponatraenma, 40 
endocnne effects, 370 
hypothyroidien, FH) 
nephrogenic diabetes insipidus (Di, 38. 
41, 370 
renal tubular acides type 1 {classic distal), 
168 
therapeutic drug monnormg, 370, 647, 651 
thyroid function effects, 370, 573 
romicnty, 647, 075 
clinical features, 675-676 
management, 676 
Liver, 217-235 
anus, 218 
funcoonal heterogeneits, 219 
funchanal zones, 218-219 
amino acid metabolism, 220-2331 
smmons production/clearance, 221 
bile secretion, 221-2333 
bilary drainage, 219 
bihrubin metabolism. 223 
Hiotransiormations, 221 
bloc flow, 216, 219 
hepatic clearance tests, 220 
carbohydrate metaholim, 220, 368 
glucose homecstusis, 254, 250, 281 
msulum actions, 261 
cholesterol synthesis, 221 
cxcretory funcrnons, 221 
haem synthess, 467 
hormone mactivation, 365 
sex steroids, 247, 308 
hydrogen son metabolism, 65-66, 68 
insulin metabolism, 260 
lip metaholiam, 220, 368 
lipoproten upiake, 627 
cholesrerolipoprorein remmants, 627 
low density lipoprorein (LOL) recepror, 
62% 
lobes, 217 
lobules, 217, 218 
mMmacroscopic structure, 217 
metabolhc response to inqurv, 720 
microscopic structure, 217-219 
physiologcal functions, 220-222 
plasma protein glycation, 220 
plasma protein synthesis, 220 
acute phase proteins, 358, 359 
pregnancy-associated changes, 248 
slarvation, 708 
ultrastructure, 214 
urea svuthests, 221 
Liver biogy 
comugated heperbilirubinasma, 231 
Dubn-fohnson smdronne, 332 
genetic haemochromatons, 251 
Culbert's syndrome, 232 
herecitary fructose intolerance, 254 


Liver bionsy (cord 

liver fancrion test abnormalines in 
asvinptomatic patents, 243 

liver transplanration, 255 

KReve's syndrome, 250 

ures cycle disorders, 608 

Wison's diseuse, 252, 571 


Livet disease. 237-255 


acute renal failure, 129 
alphafetoprotemn, 228 
aminotransferases, 236 
bile acids (piasma bile acids; FRA}, 
228-339 
children, 456 
chronmc 
acute viral hepatius progression, 239 
albumain plasma concentration, 227 
galactose élimination capacity (GEC3, 
230 
hepatic fibrosis serum test, 230 
prognosis assesament, 254-235 
prognostic index (PT, 235 
sodium rétention with oedema, 35 
see aise Crrhosis 
classificanon, 234, 257-238 
compensated'decompensated, 237-238 
diabetes mellitus, 366 
endocnne sbnormalites, 369-367 
crythropnienc proteporphyra, 474, 475 
funchonal reserve of liver, 3 
tlucose metabolism, 365-366 
vonadal dvsfunenon, 367 
growth hormone, CTT response, 304 
hepatorenal syndrome facute renal failure), 
133-133 
hyperglycaemia, 365 
hypennmsulinaenmias, 365 
hypoglycaemia, 284, 289 
fasting, 283, 286 
Fhydroxvbotyrate plasma concentration, 
286 
inherited metabohé disorders, 240-254 
liver funcoon tests 
normal, 234 
prognosis assessment, 234-275 
muscle fatty acid cadation defects, 553 
neonate, 472.436 
bhyperammonaemis, 448 
pratbrombhin ame (PTS, 228 
red cell fraghty, 461 
rheurmatological manifestations, 537 
sex hormone metabohsm, 366 
therapeutic drug monitoring, 643, 645 
thyroid function, 366 
vitarmin D levels, 93 
vitarmin E definiencs, 458 
see also Hépatacellular disease 


Liver failure 


ackt-hase disturbance, 74 
acute, 239-240 
acute renal failure, 240 
acute viral hepatitie, 239 
amins acid metabolism, 221 
causes, 239 
facts hiver of pregnancy, 348 
fungal ton poisoning, 677 
hypoglycaernia, 220, 240, 248, 289 
laboratory features, 239-240 
liver function vests. 240 
hiver transplantation, 235, 240 
prognoss assessment, 235, 240 
fulrminant, 239 
factor V concentration meéxsurement, 228 


galactose elanmination capacity (GECY, 


25% 
hyaluronate plasma concentranon, 230 
prognosis, 240 


Wilson's disesse, 251, 242 
salactossentis, 254 
hépatorenal syndrome, 132, 246 
hereditary fructose imtolerançe, 354 
hyperglycaemia, 230 
hypolipidaemia, &37 
hypophosphatacmnis, LOS 
nutntonal support, 197 
therapeutic drug monitoring, 649 
Liver funcuon tests, 217, 232-231 
sbaormalities in asymptomanc patients, 
233-234 
acute brain symdrommes, 470 
acute bver failure, 240 
aculé pancreatitis, 785 
alcohol plasma concentration, 230-231 
apolications, 222, 231-233 
ascités, 245 
bactenal infection, 349-250 
bile acids, 228-279 
bikrubin plasma concenrranion, 223-325 
congerital infection, 423 
Crigler-Najr smdrarne, 232 
cystic fibrosis, 253 
diabetes méllitus, 273 
Dubin-Johnson syndrome, 232 
cnicral nutrition monitoring, 147 
crthropoictic protoporphyra, 474 
galacrossemins, 254 
Cilbert's syndrome, 232 
glycogèn storage diseases, 254 
hepatic fbross serum test, 230 
hepatitis 
acute, 238 
chromé active autoimmune (AI-CAHY, 
342 
chronic actwe (CAM), 240 
progression to chroniciry, 340 
fyaluranate, 230 
byperthyroidism, 342 
hypoglycacma, 289 
imhented hyperbihrubinaemuas, 232 
ssunchce differential diagnosis, 234 
liver tansplantaton, postoperative, 255 
liver tumours, 248-249 
malabsorption investigation, 211 
néoraté 
inborn errors of metabolrsm, 441 
aundice, 233 
normal with overt liver discase, 234 
oral contraceptive pull, 248 
céteoporosts, 515 
paracetamol possoning, 666-667 
parenteral fesding, LS 
plasma enzyme activities, 225-277 
alkaline phosphatase, 225-226 
aminotréensierases, 226 
gammes glutamyi transferase (gamme 
GT), 226-227 
glutathione S-transierase (GSTY, 227 
S'-nucleondase, 227 
plasma protems, 227-228 
-aputrvpain, 228 
acute phases rractants, 228 
albumin, 227 
alrhafetoprotein, 228 
cacruloplasmin, 228 
congulation factors, 227-228 
prothrembin mme, 227-228 
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transferrin, 228 
perphyria cutanes tard, 476 
pregnancy, 248 
pamarr biliary crhosis, 242 
primary scerosang cholangitis, 243-243 
prognosis assessment, 274-235 
quantitative (chearance tests), 229.230 
aminopynine (demethylation) breath test, 
236 
antipyrine clearance, 229-250 
bromosulphthalein chmmanon, 230 
caffeine chearance, 330 
gulactose elimmmation capacity (GEC;, 
230 
indocyanine green, 230 
phanmacological basis, 22% 
Reve's syndrome, 250 
Rotors syndrome, 233 
therapeutic monitoring, 232-233, 243 
total parenteret autmmnon (TPN), 249 
Wisom's disease, 242, 251 
Liver regeneranen, 219-320 
Liver transplantation, 255 
acute liver failure, 235, 240 
laboratory cnitena, 240 
acute réjection., 255 
biliary atresia, 435 
Craler-Najar syndrome, 272 
crsthropoietic protoporpheria, 475 
glvcogen storage diseases, 254 
hepatorenal syndrome, 133 
immédiate postoperative perrod, 295 
imimunosuppression, 255 
indications, 255 
life expectancy estimation ithou 
operation, 234, 335 
hver iopsy, 255 
long-term comphoanons, 253 
recurrence of original disease, 255 
rewcrion, 230 
tyrosinaemia, 253-254 
alphafetogroten plasma concentration, 228 
benign, 248 
liver function tests, 749 
pregnancy/oral contraceptives exposure, 
248 
malignant, 239, 240, 248-249 
cyrotoxics treatment Monitoring. 224 
ver transplantation, 235 
métastauc, 249 
serum alkaline phosphatate, 225, 234 
Lobar pneumonis, 83 
Lofepramine posoning, 075 
Loin pain, 123 
Lomotil poisoning, 673 
Long chain act dehvdrogenase (LCAD) 
deficience, 446, 447 
Lovg diuretics, 89 
Log of Henle 
funetional aspecrs, 122-123 
medullary hyperomicitr generation, 
122-123 
neonate, 426 
protein secretion, 143 
strucrural aspects, 117, 119-120 
Loss of heterozrgosity (LOS), 762 
suppresor genes, 758-739 
Low birthweighte infanc 
patent ductus artériosus PDA), 425 
renal function, 425-426 
Low denaty hpoprotein (LOL), 624 
sbetalipoprotéinaerma, 593 
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Low density hpoprotein (LOL) {corttaf) 
apo B-100, 624, 625, 627 
apo D, 625 
apoça), 623 
athermscleness, 195, 621, 622, 757 
cholesteral, 627, 648 
chronic renal fuilure, 365 
habetes mellitus, 274 
familial combined hyperipidaemis FCHM), 
631 
familial defective ape B-100, 632 
familial hypercholesterolacrma, 627, 633, 
634 
fish eve disesse, 635 
formation from imermediate density 
hpoprotein (DL), 627 
gross appéarance of plasma/senum sample, 
634 
hypothyrroidism, 636 
LOL. receptor binding, 627, 628 
nephrotic syndrome, 154, 636 
cestrogen effects, 421, 636 
pregnancy-associated changes, 419 
progesterone effects, 636 
saturated fat intake, 10 
Low density hpoprotein (LDL) receptor, 
627-628, 797 
apo F-100 bindimg, 625%, 627, 628 
apo E binding, 627, 628 
atheroma formation, 622 
hyporhsrodimn, 676 
iniermediate density lipoprotem (DL) 
uptake, 627 
low density Lipoprotein (LOL) uptake, 627, 
28 
mutations, 634, 737, 258 
familial hypercholesterolaenmis, 634 
post-Lpoprotein binding events, 627 
structural aspects, 627-638 
Low density ipoprotein (LOL) receptor 
deficiencs, 627 
LSD ilssenne acid ethylamide), 673 
Lumbar puncture, 557 
traumauc tap, 358, 560 
Lumbar spine lesions, 565 
Laundh test, 211 
Lang cancer tumour markers, 714-715 
Luteiniaing hormone (LH}, 297 
tt subunut assavs, 336 
«x subramts, 390 
alcohol consumprion effect, 366 
amenorhoca investigation, 198 
androgen insensiovas syndrome, 384 
antenor pithuntars secretion, 296 
basal hormone investigations, 298 
basal pruitery funcuon test, 311 
chidhood levels, 386 
chronic renal failure, 363 
cirrhosis, 247, 248, 307 
clomiphene test responses, 300 
cochiac disesse, 367 
CR H regulation, 297 
female seproductive function, 396 
in male, 403 
pulse generation, 386 
inertie in women, 400 
Klinefeltér"s syndrome, 406 
Levdig cell 
differentiation, 381 
testostérone syntheus, 247, 403 
menstrual cycle, 395 


Cestrogen feedback regulation, 398 
ovanan follicle actions, 396 


ovulation, 297 
sicrod biosvaihesss regulanon, 396, 
397 


ovarian receptors, 396 
crulanon-asseciated surge, 395 
ovulation wssessment, 400, 41 
ovulation induction, 400 
polycystic ovares smdrome (PCOS:, 460 
pregnancys-associated changes, 418 
puberts, 356 
pulsatile release, 297, 386, 394, 403, 404 
precocious puberty, 391 
pulsatihty assessment, Ki) 
structural aspects, 306 
superovulation mornitaring, 401 
testes endocrine evaluation, 404 
testosteronce feedback regulation, 403 
testosteronc secretnion, 297 
Latine hormone (LH) deficiney, 381 
hépothyroidien, 348 
isolated (fertile cunuch syndrome), 407 
Kallman’s syndrome, 407 
post-pituitarr irradiation, 302 
Luteimng hormone-releanng hormone 
LHRH 
acromegalr, 505 
chrome renal failure, 563 
combined piuitary function test, 300 
see de Gonadotrophin-releasing hormons 
(GaRH} 
Lymphangectasia, 211 
Lymphatic duct chetruction, 21! 
Lymphocyte activation (LAF) assay, 722 
Lymphokines, 720 
Lymphoms 
acanthosts nigricans, 609 
acquired chthyosis, 600 
copper metabolienn, 693 
CSF G.-microglobulin measurement, 563 
CSF parsprotein secretion, 566 
dermatomyestus'polymyositis, 700 
fever, 698 
heavy chain disease, 502 
hypercalicaemia, #8, 696 
hypertrophic pulmonary osteoarthropathy 
(HPOA)}, 698 
Mediterranean trpe, 502 
paraproteinaenua, 502-503 
peripheral neuropathy, 700 
small bowel radiolog, 211 
subacute cerebellar degeneration, 701 
unie acid nephropathy, 535-536, 696 


Lymphosarcoma, 56 | 
Lymphotouin se Tumour necrosis factor f 
(TNF$) 


Lyphosd malignancy rumour marker, 695 
Lysergic acid diethylamide see LSD 
Lysine metaboliem, 451 
Lysine vasopressin, 41 
Lisnune protein mtolerance, 448 
Lusosomal storage disease, 601-6072, 
612-616 
connective traque disorders, 615616 
Lpid metabaliom disorders, 612-416 
nconatal hepatomegals, 415 
trestment, 612 
Lysogyme, urinars 
light chain proteinuria, 158 
tubular function assessment, 156 


Lysyi oxidase, 509 
Lyssipomdineline see Deoxyperidinoline 


üa,-Macroglobulin, blocd-bruin barner 
permeabality assessment, 560, 561 
Macrophage colony-stimulating factor 
(MCSF), 725 
Macrosomia 
gestational glucose imrolerante, 420 
insulhn-dependent diabetes sellitus, 419 
Mages 
dhetary sources, 109-110, 310 
dhstribution, 109 
fluxes, 110 
intracellular functions, 109 
Magnesrum carbonate, 197 
Magnesum deficiency 
bspocalcasmis, 100, 101 
renal potassium loss, 53, 54 
Magnesum metabolém, 100-112 
chromc renal fsilure, 138 
intestinal absorpoon, 110, 310 
parathyrond bormons (PTH), 90 
renal handling, 119 
Magnesium plasma concentration, 109 
chronic renal failure, 138 
entéral nutriuon monitoring, 197 
hsemodalyss monitoring, 141 
hypercalcacmia investigation, 96 
hypérthyroidism, 343 
hypocalcaemia investigation, 101 
hypokalaemtia, 54 
hypormagnessenua, Lil, 112 
Kétoacidosis, 277 
magnésium supplementation monitonng, 
112 
ses do Hypermagnessernia; 
Hypomagnessemin 
Magncsurn retention teat, 111-112 
Magnesium sulphate, 112, 213 
Magnesium supplementation, 112 
Magneaum tolerance test, 116 
Magnesiumm urinary excrétion 
hrperthyroidism, 443 
hypomagnessens, Î11 
Magneaurn-containing encrnas, 1 10 
Magnesum-related diarrhoen, 112 
Malebsorption, 199-215 
anaemia, 2O0Û 
carbohydrare, 206 
ciassihcanon, 210 
clinical features, 199-2300 
chabretes mellirus, 275 
darrhoes, 199-2360 
hypolhipidaemia, 637 
intestinal cralute untuke, 170 
invéstigaton, 211-212 
mechamasms, 210-211 
cnamatic bydrolyus, 210 
tmphauc duct obstruction, 211 
mucosal enzyme activity, 211 
Mmucosel ransport, 2] 1 
solubiization processes, 210 
metabolic acidosis/hypokalaemna, 51 
rickets, 431 
étcatorrhoca, ZEN) 
teruary hyperrarathyroidism, 90 
Malaria 
anti-DINA antibocdies, 540 
haemoglobinopathy heterozvgosity 
protective cflect, 483, 488, 745 
haemalytic ansemis, 458 
hypoglycaemis, 291 
quimne-mduced, 291 
intravascular haemolysis, 453 
Male reproductive function, 404-410 


Male reproductive function (com) 

undrogens, 403 

hyporhalamic-piuitan-testes fesdback 
mechanisms, 4413, 404 

testes, 402-403 

Male sexual differentiation, 402 


Malignant diseuse 


acute uric acid nephropathy, 696 
anorexts, 695 
ascites, 245 
carbohrdrats metabolism, 493-694 
cercbrospinal fluid (CS) investigation. 
566 
dietéry associations, 154 
DNA analysis in detection, 754 
endocnne sequelae, 701-702 
reproductive function, 702 
somatc growth, 701 
energy metabolism, 693 
genetic mechanisms, 758-759, 761 
haematolagical sequelae, 696-698 
ansenus, 697-698 
erthrocvtosis, 696-6097 
leukocytosts, 698 
hypercalcaemua see Hvypercalcaemia of 
malignancy 
byperuncaenmun, 696 
hypomagnessemis, 696 
héponatraemie, 696 
lipid metabolism, 647, 604 
munerals, 695, 696 
obeaity-assocated mortality, 193 
paranecoplastic conditions, 698-701, 703 
dermatologcal disorders, 699 
fever, 648 
mnmune-rmediated renal disease, 
68.696 
neurtlogcsl symptoms, 690-701 
pro-opiomelanccortin (POMC) gene 
cxpresuon, 689 
prostaglandin metabolrsem, 694 
protem metabolism, 694-695 
syndrome of inappropriate antidiuretic 
hormone, 696 
trace elements, 695 
vitarnins, 495 
weight loss, 603 


Mahgnant hyvperpyrexia, 549, 664 
Malignant hypertension, 53 
Malnutrition 
growth honmone, GTT response, 304 
hypogivcaenna, 283 
hypophospharaerua, 108 
nutrinonal status assessment, 185, 186 
hépatic secretory proteins, 1847 
immune response, 147 
skintold thichness, 186, 187 
nutniaonal support, 195 
phenvialanime loading test interference, 606 
secondary diabetes mellitus, 268 
see ab Proncin-energy malnutrition 
Maltase, 206 
Maltose, 205 
Management applications, 34 
monitonne progresuon of disease, 3-4 
prognosts, 3 
béverity nsséssiment, À 
Manganese, 183-154 
body stores assessment, 192 
dietary sources, 183 
functional aspects, 183 
toxicity, 184, 192 
Manganese defciencr, 183 


Laboratory investigauons, 193 
Manganese-contaiming enyymes, 771 
Mania, 572-573 

chnical fearures, 572 
Manic depressive psychosis, 572 
Mannitol, 48, 123, 130, 13] 
Mannose, 260 
Maple syrup urine disease, 449, 611 

Classic subtype, 611 

chnical features, 441, 611 

hagnonis, 449, 611 

amino acids/organic acide analvais, 611 
dinitrophenyihydrazine test, 611 
ctaythe assay, 611 

béterozygote detection, 611 

intermittent subiype, 611 

leucine plasma concentration, 611 

néonatal screening, 441, 611 

prénatal diagnosis, 611 

thiamine-responsive sulbtype, 611 

treanment, 44!, 449, 611 
Marasmus, 192 
March bsemoglobinuna, 458 
Mason type diabetes mellitus, 268 
Mastocytosis, systemic, 52 
MeCune-Albnght syndrome, 347 

polyostoric fibrous dysplasia, 531 

precocious puberty, 387, 388 
MDMA (ecataav), 576, 673 

adverse cflects, 673 

overdose, 073 
Mean corpuscular hsermoglobin (MCH) 

hacmogiobinopathies, 490 

thalisssemis, 485 
Mean corpuscular volume (MCW) 

alcohol abuse, 244, 671 

haémoglobinopatiies, 490 

thülasssemia, 445 
Mechanical ventilarion 

hypoxia, 86 

ncdnatal respuratory distress, 425 

poisoning, 664, 670, 675 


Meconium aspiration, 424 


Meconium ileus, 254, 440 
Medical awdit, 14 
Medhicolegal aspects, 5 
Medium chain acyl CoA dehvdrogenase 
muscle fatty acid oxidation, 554 
Medium chain acyl dehydrogenase (MCATY: 
deficiency, 446, 447, 554 
Medroxyprogesterone acetate, 636 
Medulary thyroid carcinoma 
Calotonen tumeur marker, 93, 154, 685, 
666, 715 
family screening, 686, 715 
brovocative tests, 686 
chnical features, 645-686 
ectopic ACTH secretion, 306 
multiple endocrine neoplasia 2 (MEN 2), 
353, 682, 685-686 
treatment, 086 


Megaloblastic ansemia 


folate deficiency, 203, 204 

folate supplements, 203 

vitamin B,, déficiency, 203, 204, 205 
cronsover events, 744 


MELAS, mitochondrial transfer RNA 


mutations, 553 


Melatonin, 370 
Membranoprokferauve gomerulonephritis, 


152 
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Membranous ghomerulonephrius, 150, 151, 
152 
microscomc haematura, 150 
selective proteinuria, 150, 152 
Menadione, 179 
Menagqunone (vitamin K.,!, 178, 179 
Meruingitis 
activated neutroplhul metabolites, 559 
CSF C-reactive protein, 562, 564 
ESF lactate, 559, 564 
CSF lactate dehrdrogenase, 563, 564 
CSF protenryglucose, 563-564 
CSF-plasma glucose ratio, 539 
fungal, 559 
investigations, 563 
metabolic effects of cerchral hypoxis, 559 
viral, 559, 563-564 
Meningococcal septicaemia, 356 
Menke's diséase, 618 
clinical features, 437, 520, 618 
copper transport defect/copner deficiency, 
163, 437,618 
Menopause 
alkaline phosphatase (ALP! plasma values, 
511 
bone mineral dense (BMD), 514, 51% 
bone resorption increase, 93, 510, 514 
calcrum metabolism, 93 
endocnne changes, 312-313 
hydroxyproline _. excretion, 512 
hypercalcsemia, 45, 9 
magnestum pissma level, 109 
osteocalcin plasma values, 512 
cicoporosts treatment, 916 
phosphate plasma level, 105 
excretion, 912 
reference value changes, 9 
renal phosphate handling (l'aPGFR), 105 
total plasma calcram, 94 
Menstrual cycle, 397-395 
corpus luteum formation, 395 
follicular phase, 393-195 
FSH dependence, 393 
hormone plasma concentranons, 39% 
lutenl phase, 393 


sodium retentuon, 36 
sterond secretion, 398 
utenine changes, 345 


Menstrusuon, 298 


acute intermittent porphyria (AÏP}, acute 
attack, 471 


Mental handicap, 599-618 


actiology, 599 
metabolic disease, 600-603 
amino acid metabolism disorders, 600-601, 
604-612 
branched chain amino acidwhkero acid 
metabolram, 610-611 
histidmaemne, 608-609 
byperphenylalaninaemias, 603-606 
renal transport amino acidurias, 651-612 
sulphur-contaning amino acids, 
609 610 
ures metabolism disorders, 606608 
chromosemal disorders, 603 
chasafication, 599 
lysosomal storage disorders, 601-602, 
612-616 
monogemcmultisctonsal disorders, 
603-618 
prevalence, 5965 
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Mental handicap (conti 
recombinant DINA diagnosne téchniques, 
618 
Mental state exarminanon, 569 
Mercury toucity, 155, 670 
MERREF, miochondnal transfer RNA 
mutations, 553 
Mesenchyrnal tumours 
hypoglycaenmia, 289.290 
bypophosphataemic csteomalacta, 519 
insuhn-hke substance secretion, 694 
Mesothehioma, 699 
Metabokic bone disease, 507-532 
Fancont syndrome, 168, 169 
parénteral nutrition in neonate/preterm 
infant, 457 
Aletabolic measurement carts, 187 
Metbole rate meusurement, 157, LRE 
Meisbolic response 10 imury, 10, 355, 
717-718 
acute phase prétemns synthesis, 358, 359, 
718 
acute phase response, 737-737 
adrenocortical hormones, 356-357 
arginine vasopressin (AVP, 357 
clotting cascade, 131-742 
complement, 732-733 
contact svatem, 73-731 
cortisol, 719.720 
cytoluines, 356, 357-359, 718, 719, 
120-726 
cb phase, 355, 357, 718, 720, 734-735 
endocrine responses, 355-459, 718-720, 
736 
Hbanolvsis, 732 
Bow phase, 355, 356, 716, 734, 735 
gélucocerticoids, 356-357 
growth hormone, 357, 720 
imnune-neurocndoncrine system regulatory 
loups, 360 
insulin, 7 20 
leukocyross, 736 
Kver responsés, 7430 
parscrines, 726-730 
recovery phase, 718, 730 
repn-angotensin system, 357 
svmpathosdrenal system responses, 356 
vasoacuve substances, 729-730 
Metachromanc leukodystrophy, 590-501, 
614-615 
adult: form, 590 
cerebromde sulphatase (arvisuiphatase À) 
assay, 590-591, 615 
cerebroside sulphatuse Carylsuiphatasé A) 
deficiency, 14 
cerchrossde sulphate sulphatase assay, 391 
clinical features, 615 
disgnosis, 500-591 
galactosvl 3-sulphate ceramide 
accumulation, 014 
heterorvaot identificanon, 591, 615 
infantile form, 415 
juvénile form, 5901, 615% 
late infantile form, 59% 
prénatal chagnosis, 591, 615 
Metellothuonein 
Wilson's disease, 593 
zinc metabolism, 182 
Metanephrines, urinary, 328 
Methadenc 
abuse in pregnancy, 424 
toxteity, 73 


Methaemtalbummin, 459, 460 
Methaemoglobin, cerehrospinal fluid (CSF, 
558 
Methaemoglobin reducrase déficiences, 458 
screening test, 462 
Methacmoglobinaemi 
acute MecTOtLANE pancreatitis, 183 
poisoning, 660, 6% 7 
Methanol {methyl alcohol! poisoning, 659, 
671,672 
chucal features, 671 
baemodialves, 665 
lache acidoss, 74 
treatment, @71 
Metuallhn-induced scure interstitial 
nephritis, 32 
Metdhuimarole, 332, 345 
Metluomine malabsorpuon sindromeé see Qust 
house urine syndrome 
Methronine metabolism, 450 
paracetamol poisonang, où 7 
Methionine synthase deficiency, 450 
Methotrexate 
folie acid metabolism. 203%, 685 
rheumatoid arthritis, 534 
therapeutic drug monitoring, 651-652 
baseline changes, 647 
chnical audit, 677 
indications, 652 
urgent analyses, 656 
toxicity, 647 
3-Miethoxy-4-hrdroxyphenyiechylene glycol, 
CSF, 588 
3-Methoxv-t-hydroxvphenyigivcol (MHPG) 
depression, 575 
pantc sttacks, 577 
Methyl histidine, 694 
5-Methyl tetrahydrofolate, 202, 203 
see abe Polyglutamiastes 
Methylampherarmine, 672 
Methyidtopa, 399, 461, 681 
Methylene blue therapy, 677 
Merhvylene chlonde paisoning, 676 
3,4-Methylenediosnmmethamphermines se 
MDMA Ceçcstasy) 
Methyimalonc acdaemia, #48 
Metbylmalonmse aciduris, 450 
Methyimalonts! CoA mutsse deficiency, 448 
Methylxanthines, metabolism in preterm 
infant, 425, 426, 427 
Metoclopramide, 674 
hyperprolactnaemia, 303, 399 
Metoclopranude test, 303 
Meroproiol, 331 
adrenal adenoma, 323 
sntiadrenal activity, 323 
Cushuing's disease, 308 
Cusbung's syndrome, 684 
depression, 573 
Metyrapone test, 299, 307 
Meryrosine, 686 
Miansenn poisoning, 675 
Microangopathic baemolytic anaermia, 458 
nsalionant dincase associations, 698 
red cell morphology, 459 
B.-Microglobulin, 500, 562 
bone metabolism. 92 
CSF measurement, 562-567 
huemodialyes-ussociated depontion, 538 
multiple mreloma, 494, 300 
protemurnea, 154, 156 
cadmium exposure moniornng, 1355 


light chain protétiuna, 158 
tubular funçcuon assessment, 128, 1%6 


Mucroprolactinoms, 302 


Microprotemuna, 145, 147 
Microsatelhte, 762 
Microsatelhte polymorphisms, 752, 753 


Mid-arm crcumienencte (MAC), 186 


enveral mutnoos monitonng, 197 
parenteral nutntion monitoring, 197 


Midline fbrosis amdrormes, 409 


Midline granulormas, 309 
Nügration inbntory factor (MIF), 720 
Mineralocornomd deficiency 
causes, 325 
renal tubular acidosis cype IV, 168 
Mineralocortiond excess 
causes, 323 
congenital adrenal byperplasia, 326 
hypokalaene, 53, 54 
metabolic disturbances, 320 
non-respiratory alkalosye, 53, 77-78 
sodium retention, 36 
Mineralocomicoid (non-aldosrerone) secreting 
tumour, 525 


Nuneralcerticoid replacement therapy, 326 
Mineralocorucoids, adrenal, 315, 416, 318 


assesement tests, 120-321 
basal aidosteronc mersurement, 321 
basal renin messurement, 321 
potassium plasma concentration, 32€ 
potassium Urinary concentration, 320 

recenmtors, 318 

relative potencies, 318 

Mincrals, 182-184 

malignant disease, 605 

nutntonal status assessment, 191-192 

parenteral feeding, 196, 197 

short gut syndrome, 213 


Minimal change gomerulemenhntis, 150, 151 


children, 150 

management, 150 

proteinuris, 150 

selective, 146, 152 

Minusarellnie, 672 
Minisatellite polymorphisms, 752, 753 
Massense mutations, 742 
Mhochondnal disorders CSF lactsre, 566 


Mhochondnal DNA mutations, 553, 745 
Mnechondnal 26-hydroxviase deficiency, 794 


Mitechandrial cudative metabolism 

cytochromes, 553 

electron transfer lavoprotemn/ 
dehydrogenase (ETF/ETFDH);, 544, 
546 

carpe Cyiochemistry, 552 

muscle, 541, 544, 546 

polarographic messurement, 452 

reactive oxygen species lcakage, 768 

respiratory control ratio (RCR), 552 


Miochondral respirators chain, 544, 546, 


531 
blockade by poisons, 661 
complex activities messurement, 552-553 
complex L'gene mutations, 553 
complex Western blorting, 553 
flux measurement, $52 
nutochondrial génome tmurations, 453 
muscle ATP regencration process, 546 
Miochondnal respiratory chain defects, 444, 
532 
CNS symmoms, 351, 552 
CSF examination, 532 
dynamuc/function tésts in blood, 551-552 


Maitochondrial respurarory chan defects (coma) 
enrvyme cytochemistry, 552 
mochondnal éytochemmstry, 552 
miochondnal cytochrome concentrations 
measurement, 553 

maiochondnial morphology (ragged-red 
fibres), 532 

mitochondral oxidations measurement, 
532 

molecular mology rechmques, 553 

réspiratory chain complex activites 
measurement, 552-593 

Maitotané, 123, 084 

Maxed acid-base disorders, #1 

Mixed connective tissue discasc, 534 

Mixed gonadal dysgencsis (KO/XY I, 381 

Mixed meal tolerance test, 247, 203, 294 

Mixed venous oxygen saturation (SvO.), 85 

MODY type diabetes mellmus, 268 
glucokinase genetic abnormalhnes, 265, Zb$ 

Molecular clinical biochemistry, 2, 738-763 

Molvbdenum, 143 
body stores assessment, 191 
functional aspects, 183 
high intake, 183% 

Molybdenum cofactor deficiency, 183, 450 

Molybdenum deficemcy, 183, 191 

Moncamine udase nhibutors, 578 
toxicity, 675 

Meonoamme ondase (MAC, 681 

Moncaminergic neurotransmitters, 574 

Monoclonal gammopathy of unkrowa 

sanibcance (MGUS), 495 

Moncsodnin vrate (MSU] arthroparhy see 

CÉroul 

Mol disorders, 572-574 

Morplune 
verdone in neonate, 66 
therapeutic drug monitoring, 652 

MR scan 
Adidison's distase (primary 

hypoadrenaliem), 322 

Cushing's syndrome 

ACT H-dépendent, 307 

adrenal rumours, 322 
lumbar sune lesions, 56% 
metschuoenetc leukodestropgliy, 540 
multiple sclerouts, 345 
phacachromocyioma., 338, 686 
pituitars imaging, 303 
pituitary tumours, 684 
primary aldosteroniem, 334 
proluctnomu, 304 
TSH-secreting piruitary adenoma, 546 

Mu chain disesse, 503 

Mucin-like glycoproteins, 714 

Mucopolysaccharidoses, 539 
differential diagnosis, 616 
heterorvgote detechon, 616 
mental handicap, 615-616 
prenatsl disgnestis, 616 
rheumatological complicanons, 539 

Mucopoiysaccharidons type ! CHurler's 

svndrome), 61% 

Mucopolvsacchandons type Il (Hunters 

cvndiromes, 615, 616 
Mucopolysacchandoss type II (Sanfilippe 
sodromer, 615-616 

Mucosal biopev, 211 

Miüllenan intubiuing factor (MIF\, 375, 403 
uge-mssociated changes, 375 
anorchua (vamshing tesus syndrome), 549 
assay, 375 


male sexual differentanon, 375 
Multiple acyl CoA dehydrogenation defecs 
(glutaric aciduria type IT), 445 
Multiple carboxylase deficiency, 448 


Malnple drug resistance (MDR) phenotype, 


500-561 
Multiple endocrine neoplasia 1} (MEX 1; 
Werner's syndrome}, 682, 683-685 
adrensl cortcal tumours, 684 
carcnoid tumours, 684 
genetic aspects, 642 
hypercakcaema management, 98 
hypoglycaemia, 264 
msulinona, 258 
pancreanic disease, 682, 685684 
gastrin-secreting tumours, 6835 
clucagonoma, 684 
insuhinomas, 683-684 
management, 683 
PPomas, 684 
tumour locahzation, 683 
vipomas, 084 
rarethvroid disease, 95, 684-685 
genetic mechanems, 95 
pituitary tumours, 684 
prevalence, 683 
tumour types, 082 
frequency, 683 
Muluple endocrme neoplasis 2 (MEN 2; 
Sipple syndrome), 682, 685-687 
clinical features, 682, 685 
family screening, 686 
genetic aspects, 683 
tnedullary thsroid carcinoma, 353, 683, 
685-680 
cuicitoen tumour marker, 685, 686 
management, 656 
provocative tests for family screening, 
risL el 
MEN 2A, 327, 682, 685, 686, 687 
MEX 26, 527, 682, 685, 680, 6K7 
parathyrosd disease, 685, 687 
phascchromocytoma, 327, 662, 685. 686 
trédtment, 686 
Multiple endocrine neoplasis, 682-687, 703 
hereditarv forms, 682, 683 
spordic forms, 682 
Mauluiple eveloma, 497-501 
alburnin plasins concentrauon, 500 
anserruin, 499 
Brinmicrogiobulin plasma concentratron, 
490, 500 
Bence Jones proteinurts, 157 
bone marrow hiopey, 496 
bemefount mvolvement, 96, 490, 538 
chrmosomal abnormalities, 501 
cougulation defects, 500 
copper métabolsm, 695 
diagnosis, 497-408 
hypercalcsemia, 96, 98, 498, 496, SC 
hyperkalaenua, 57 
hyrervscosity syndrome, 500 
le amvluidoss, 504 
inmunoeuppresion, 499 
laboratory invescigarions, 498, 500-501 
immutoscrtochenmitry, 490 
oncogene abnormalines, 501 
paraproteinacmia, 495, 486, 407 
Paraprotens, 3, 498459 
Bence Jones protein CHIP), 157, 
498-409, 504 
clinical effecra, 500 
CSF messurement, 566 


INDEX 831 


immunoglobulis isctypes, 494 
prognoanc value, 498 
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renal dysfunction, 142, 157-158, 498, 499, 
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thrombosts, SO 
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concentration, 694 
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CSF immune response detection, 56% 
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CSF protemn elevation, 567 
diagnosis, 561 
intrathecal Îg synthesis assessment, 561 
intrathecal 1eG index, 561 
neogtern CS level monitoring, 562 
reactive oxvden species, 773 
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22 
Multiplex PCR, 762 
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756 
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ATP regeneration process, 543-544 
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élrcolyss:s, 544, 545, 546 
mitochoncral résuratory chain 
cofactors, 546 
oxidetive catbohydrate catabolism, 544, 
46 
transphosphorylaton reactions, 544 
AT Puse activity, 543 
carbohydrate metabolism 
glscogen synthesis, 263 
imsulin scuons, 261-262 
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lactate production, 544, 545 
mitochondrial metabolism 
Hoxidation of faty acvl CoA esters, 544, 
546 
fatty acid catabolism, 544 
fatty acid'acyl CoÂ ester transport, 544, 
546 
respiratory chan, 544, 546, 551 
phesphocreatine conversion to creatine, 
544 
physiology, 543-546 
structural aspects, 543, 54 
Muscle biopay, 547-548 
enzyme analysis, 551 
Muscle carbohydrate metabolism disorders, 
547, 590-551 
ochemical investigations, 551 
funcuonal dynamic tests, 550 
histochemical investigations, 540-551 
Muscle damage 
créatine kinase (CR) acovity, 548-549 
myoglobinuns, 549 
Muscle diseuse, 543-565 
classification, 54% 
genetically determined myoparhies, 
549-550 
investigations, 547 
muscle biopay, 547-548 
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554 
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flux through P-oxidletion measurement, 554 
free fatty acid plasma levels, 553 
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ketone body plasma levels, 553 
Muscle mass esumetion, 186 
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defects, 551-553 
CNS symptomes, 551, 552 
CSF examination, 552 
dimamic/function tests in blood, 551-552 
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Measurement, 532-933 
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Muscular dystrophy, 756-757 
diagnosis, 757 
dystrophin gene mutations, 756 
genetic analyus, 790-757, 761 
index cases diagnosis, 753 
myoglobinuria, 549 
neonaral screemng, 757 
prenatal diagnosts, 756 
Mutations, 742-744, 762 
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PCR detection method, 750 
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imherited disease, 743 
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molecular detection techniques, 749-752 
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point, 742, 762 
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uriplet repeat séquence amplification, 742 
variable expression, 745 
Mivasthenia gravis, 443, 700 
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Myocardial infarcton 
biochernical tests, 779-780 
cardinc enzymes, 760, 781 
chest pain, 779, 780 
diabetes mellitus, 272, 277 
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incidence, 780 
maerker choice, 184 
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sérum markers, 240-781 
thrombolyuic therapy, 780, 783 
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cardiac enzymes, 780, 781-783 
aspurtate aminotransferase CAST), 781, 
782 
creatine kinase, 781, 782-783, 764 
lactate dehydrogenase (LDH, 781-782 
cellular events, T0 
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hrombolyric therapy monitoring, 783 
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causes, 157 
muscle disease, 549 
poisoning, 664 
Myopathy 
creaune kinase (CK) clevation, 549 
genéocaily determined, 549-550 
Myosm light chain, myocardial ischaemia, 
7184 
Mycsitis, 534 
Mycionie dystrophy, 757 
Myxoedema 
coms treatment, 350 
primary, 349 
Myxoma, 698 
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associated conditions, 156 
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contgemtal infection, 423 
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investigations, 435 
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unconjugated, 233, 433 
brest fceding association, 433 
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pathological causes, 433-434 
physiologicel jaundice, 433 
treatment, 433 
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causes, 429 
chinical features, 428 
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inbomm errors of metabolism, 429, 430, 
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management, 425 
PQ, monitoring, 425 
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surluccant administration, 425 
Neonatal screening 
DNA diagnostic tests, 753 
na mg Tan 


muscler dvstrophy, 757 
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mchkièe cell ansemia, 491 
Neonate, 425451 
alkshne phosphatase (ALP), 432 
iniirubin mictaboliem, 432-433 
blood volume, 426 
calcium metabolism. 430-433 
carbohydrate metabolism, 428-430 
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glucose, 559 
samplng, 558 
circulatory changes sr birth, 424 
fluidelectrolyte requirements, 427 
haemoghobin F (HbF), 424 
hepatocellular diseuse, 4354436 
hypematraemi, 427-428 
hyponatraemus, 427 
mborn errors of metabolism, 441-442 
fatty acid metsboliem disorders, 445-447 
hyperammonsemis, 477, 448-449 
hypoglycaems, 429, 430, 441, 442-448 
liver disease, 435 
screening. 439-441, 604 
ver funcuon disorders, 432.436, 437 
parenteral nutrition, 456-497 
phosphate metabolism, 430-432 
poisoning, 660 
pulmonary surfactant, 424 
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renal funcuon, 425-428 
acid-base status, 428 
rést interpretation, 428 
urine concentration ability, 427 
respitatory disorders, 424-425 
apnocs of prematurity, 425 
resprratory dhstréss, 424-425 
theophylline, therapeutic drug monitoring, 
643, 44, 654, 656 
tumour markers, 714 
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CSF messurement, 562, 563 
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Nephrons, 117-120 
fetalneonatal development, 426 
Nephrotic syndrome 
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drug-imduced, 542 
mahgnant disesse, 698-699 
Nerve growth factor (NGF), 725 
Neural tube defects, 417 
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(NSE} smarker, 695, T14 
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genetic mechanism, 736 
hypophosphataemic ostcomalacta, 519 
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Neurological disense, 587-5984 
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involuntary movements, 492-503 
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metabhohc disturbance, 569-590 
penpheral neuropathy, 595-596 
réactive oxygen species, 773-774 
spinal cord disorders, 594-595 
Neuromuscular disesse, creatine kinase (CK) 
activity. 548, 549 
Neuran-specific enclase (NSE) 
cerebrospinal fluid (CSF), 543 
tumour marker, 695, 714, 715 
Neurossphils, 566 
Neurotrophun 3 (NT3), 725 


Neurotrophin 4 (NT4), 725 
Neurotrophin 5 (NT5), 725 
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Micotinamide therapy 
Hartnup disorder, 611 
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(ACAT) assay, 614 
cholesterol transport'metabolism defect 
type Ii, 614 
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(type D, 614 
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sphingomevelinase assay, 614 
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Nitnc oxide (NO), 729-730, 731 
actions, 7 30 
neuronal activits, 768 
superomde reaction, 768 
Nitnic oxide (NO synthase, 730, 708 
Nitroprusside therapy, 676 
Nonsense mutations, 742 
Non-srercidal anti-inflammatory drugs 
(NSAIDSs), 534, 536 
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mental 1ness parhophysiologs, 574 
metabolic response to injury, 719 
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Alzheimer's disease, 583 
aniets hsorders, 576, 477 
dépression, 573 
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Norethisterone, 410 
lipoproteun effects, 636 
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Nucleotide metabolism, red cell, 454, 495 
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VLDIE. particle sie, 624 
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Ochronosis see Alkaprenuria 
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éxcretion, 395 
gonadotrophin feedback regulation in male, 
409 
hocmont replacement therapy, 398 
cvarian biosmihetic pathoways, 367 
evanan ecretion, 3484 
potency, 398 
superovulation monitoring, 401 
Oestrii 
Down's syndrome screening, 416 
fetal well-being assessment, 417 
hiver biosenthess, 398 
potency, 398 
Uestrogen deficiency 
bone mineral densiey (BMD, 514, 515 
bone resorption at ménopause, 514 


Cestrogen-binding receptors (ERs), breast 
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Cestrogens 
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breast cancer sumulation, 702 
cxcretion, 39% 
fetal well-heing assessment, 417 
hormone replacement therapy, 420, 421 
hkpoprotein plasma concentration effects, 
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oral contraceptive pill, 420, 421 
ovanan biosymibhetic pathwaye, 397, 398 
ovanan sécretion, 398 
postpertum psychosis, 573 
pregnancy-associated changes, 418 
replacement therapy te Hormoncs 
replacement érapy 
superovrulanon monironng, 401 
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system éfects, 398 
transport, 398 
Oestrone 
liver metabolism, 398 
ovanan biosymthenc pathwavs, 39%, 398 
ovarian secretion, 398 
rotency, 798 
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Cncogenes, 755-759, 762 
genetic analysis, 756-759 
mutations, 758 
products, 758 
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abuse, 072 
in pregnancy, 424 
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peisonineg, 660, 663, 604 
Cal contraceptive pall, 420-421 
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associated biochemical effects 
glucose tolerance, 421 
plasma hpidshipoprotens, 420-421, 636 
plasma proteins, 420 
diabetes mellitus, 421 
hepatic Grat pass effect, 420, 421 
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progestogens, 348$, 420 
thyroid function, 421 
Oral hypoglycaenus drugs, 248, 274 
hypoglvcaenia, 287, 288, 589 
Organic acidaermiss, 447-448 
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mbors errors of metabolism, 447-448 
neonatal hyvperammonaemins, 448 
plasma ammonia levels. 444 
plasma lactase levels, 444 
presentation, 430 
Organic brain syndromes, 570-571 
acute, 370 
Chronic, 370-971 
Chraanic reaction, acute se Brain syndromes, 
acute 
Organic reaction, chronic ses Brain 
emmdromes, chronic 
Organophosphates poisoning, 670 
antidotes, 664 
Chuthine transcarbamoylase deficiency, 449, 
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60A 
envrme assay, 608 
OrOratE Urinary concentration, GS 
prenatal diagnosrs, GOR 
Orotgte urinary excretion, GUS 
Orosomucoid (a,-acid glycoprotein), acute 
phase response, 736 
Chronic aciduria, 449 
Oemolaley, 26 
acute dilutional hiponatraemia, 47 
disorders, neurological manifestations, 549, 
560 
extracellular fui (ECF), 25, 26, 28 
arginine vasopressin (AVP) control, 28 
intracellular tund (CF), 26, 28 
plasma estimation, 39 
urine see Urine csmolalire 
Osmotc diuresrs, 123 
Osrenis Hibrosa cyatica, 585 
Ostecanhrits, 535 
Cstecblases, 507, 509 
atkaline phosphatase {ALP 511 
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defective funcoon, 520-521 
functional aspects, 405 
growth factor synthesis, 509 
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ostencalcin (gla-protein] synthese, 509% 
ostcociast regulation/coupling factors, 509 
Paget's diseusc pathology, 526 
PTH receptors, 509, 510 
PTE response, 5160 
receptors, 900 
Osteocalcin, 509 
biosynthesis, 509 
bons formation marker, 512 
Done tumover Mmarker 
ostcoporosis, 515 
Paget's disease of bone, 526, 528 
diurnal variation, 512 
gamma carboxylation, 509 
renal cecdystrophy, 523 
Osteuclast-activating factors (OIAFS), 695, 
696 
Oateoclasts, 507, 309 
bone remodeiling cycle, 510 
calcitonn receptorsreponse, 500 
Paget's disease pathology, 526 
tartrate-resistant acid phosphatase orarker, 
F0 
Osteueyte, 507, 509 
Ostecgenens wnperfecta, 529 
clasaficanon, 530 
collagen gene mutations, 529 
Qsteogenic sarcoma 
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Miochemical findings, 519 
causes, 118 
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response 10 therapy, 519 
definution, 517 
tmétabolic acidoss, 520 
ostenblasr funcuon defecr, 520-521 
phosphopense, 519-520 
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at risk groups, 518 
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résponte Lo therapy, 519 
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Chteonectun, SU 
Ostcopents in chidhocwd, 529 
Osteupetnoss, 550-531 
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bone marrow transplantation, 5 30 
malignant, 530 
Osteoponun, 500 
Csteopoross, 513-517, 531 
age-related, 513-514 
bicchemical investigauons, 515-516 
bone density measurement, 515 
bone mineral density (BMD, 513 
bone tumover messurement, 515-516 
calcium intake assessment, 514 
causes, 514-515 
childhood, 524 
chronic non-respiratory acidosis, 71 
diagnons, 515-516 
discase-assoctations, 514, 515 
idiopathic, 515 
renal transplant recipients, 524 
nsk factors, 514 
trestment, 516-517 
biochemical response, 517 
bone resorpaon inhibinon, 514, 516, 
517 
fracture rate reduction, 516 
Ostecscleroses, 529-531] 
classification, 530 
Ovanan androgen metabolism, 394-399 
Cvarian failure, primary, 399 
Ovarian hypersaumulation syndrome, 400 
Orarian stéroid hormones 
actions, 398-399 
metabolism, 308 
sécrétion through menstrual cycle, 398 
traniport, 398 
Oranan tumeurs 
acanthons mencans, 69 
dermatomvosiié/polemyensmis, 700 
hirsutism, 401 
subacure cerchellur degeneration, 701 
rumour markers, 711-712 
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attack, 471 
basal temperature charts, 40k 
investigations in infertulity, 400-401 
Ovulation mduction, 399-4(%), 413 
excesane response, 40) 
Oalate depontion, ethvlene glycol poisceung, 
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Oxoaciduna, 441, 447 
3-Oroacvi Coë thiolase, muscle farry acid 
exktation defects, 554 
2-Oo 3-methylivaleric acid urninary excretion, 
611 
17-Onrosteroil reductase, 347 


free radicals, 765, 766 
ground state, 769 
transport blockade by poisons, 660, 661 
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Pacdiacric tumour markers, 714 
Pacdiatrics, 42345] 
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senology, 526 
biochemical tests, 526-527 
chnical features, 526 


cpidemmology, 525 
natural history, 525-526 
pathology, 526 
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treaunment, 527-528 
bone resorption inhibners, 527 
étidronate toxicuy, 520 
indications, 528 
Palmuitic acid, 208 
Pancreanc amylase, 205 
Pancreanc f cells 
autoimemunc destruction in IDDM, 
264-265 
déficiency in NIDDIM, 366 
funcronal sssesement, 280 
insulin production, 259, 260 
Pancreatic carcinoma 
biliary obstruction, 241 
CAT9-9 tumour marker, 713 
Pancreatic colipase, 208 
Pancreatic exocnine diseuse 
diarrhoca, 213 
malabsorption, 200, 210 
investigations, 211-212 
Pañéreatic function tests, 211-212 
radiology, 211 
Pancreatic funcron tests 
tubanon tests, 211-212 
tuboless rests, 212 
Pancreauc hpase, 208 
Punéreatic phospholinase À., 209 
Pantreatic polypeptide (PPi-secreting 
tumour, 684. 713 
Pancreatic protsinases, 207 
Pancreatic pscudocyat, 786 
Pancreatic radiography, 211 
Pancreatitis, acute, 78% 
umvlase, 785-746 
biochemical tests, 785-T8T 
clinical fegtures, 78% 
bypocalcaermia, 100 
hipase, 786 
farentéral nutriuon, 197 
protenuria, 159 
secondary dhsbetes mellrous, 268 
trypin, 756 
Panereantis, chronic 
alcohol abuse, 268 
biliary obstruchon, 243 
chnical features, 200 
malshsorpuon mivestigation, 211 
pan, 211 
secondary diabetes mellirus, 268 
Pancreolauryl test, 212 
_ protocol, 314 
Pancuromum bromide, poisonimg 
management, 664, 675 
Pangarnic acid, dierary, 181 
Parc attacks, 576 
adrenalme levels, $77 
noradrenalme system, 577 
seroconengc (5-HT\ systems, 576 
see ae Amuety disorders 
Parmiothenic ac, 140-181 
etury sources, 180-181 


functional aspects, 180 
intestinal atsorpuon, 176 
status assessment, 190-191 
Pantothense ac deficiency, 181 
Ps0,, 81-82 
montonneg see Blond gas analysis 
pulmonary disease, 83-84 
Pars-amnobenuec acut (PABA) test, 212 
Para-amnobenanc acid (PABA induced 
hypoglyvcaemta, 291 
Pars-aminehippunc acid (PAM) 
clesarance, renal plasma flow assessment, 
122 
proximal convoluted tubule secretion, 122 
Paracetarnol, 471 
free radicals metaboliomn, 768 
Paracetamol posotung, 660, 665-667 
scule liver fulure, 259 
ucetylcysteine infusion, 234 
aminopyrine (demerhylation) breath vest, 
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blond glucose estimation, 240 
hver transplantation mdications, 235 
prognosis, 235, 240 
antidotes, 664, 067 
at risk groups, 666 
chnical features, 666-667 
hépatorenal syndrome (acute renal failure), 
132, 240 
kvpophosphataenia, LOS 
mechanisms, 665-666 
plasma concentration measurement, 239 
urgent analyses, 656 
renal tubular nephropathy, 155 
tue dose, 666 
tosuc metabobtes, 654, 666 
Paracrines, 717 
metabolic response to injury, 726-729 
Faracsthesia, 78, 99 
Paraneoplastic conditions, 698-704, 703 
dermatological disorders, 699 
fever, 694 
immunc-mediated renal disease, 698-699 
reuraloncal svmpiomns, 690.701 
Parsprotein 
cerchrospinal fuid (CSFS, 566 
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Paraprotcimaenia, 495-506 
amyloidosis, 504 505 
bermign, 503 
chronic lmphocytic leukacais, 502-503 
chacal conditions, 497-506 
chmcal significance, 495-496 
coid aggiuunins, 505 
trroglobulins, 505 
disease associations, 495, 496, 506 
heavy Cham diseases, 502-503 
Ie M paraprotems, 501, 502, 505 
hyperviscouts syndrome, 501, 502 
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laboratory investigations, 496-407 
indications, 496 
paraproteins 2dcntilication, 446-497 
typing, 497 
bmphoms, 502-503 
multiple mycloma, 3, 497-501 
prevalence, 496 
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rheumataid factors CRF, 505 
sobcars plasmacveoms, 501 
transtent, 405-496, 403 
tumour markers, 495 
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sût-502 
Paraproteinuna, 157-158 
Bence Jones protein. 156. 157-158, 497 
Paraquat poisoning, 661 
Parasuicidal drug overdose, 660 
Parathyroid sdenorma 
multiple endoënne neoplaus 2 (MEN 3, 
682, 647 
primary hbyperparathwrodiem, 95 
treatment, 956 
Paratheroid bone disense, 524-525 
Parathyred carcinoma, 95 
Parathyrondl hormone (PTH;, 90 
bone actions, 90 
calcium metabolism, 89-01] 
renal reabaurmoon, #9 
Chrons renal failure, 136, 138 
diurnal variation, 89-690 
factors influencing secretion, 89, 95 
hehuim therapy, 370 
magnesium regulation. LE 
ostecblast receptors, 30, 510 
osteoclast response, 509, 510 
osteoclastic bone resorprion, 306 
phosphate (ToPGFR) regulation, 104, 
105 
renal actions, #9, 40 
structural aspects, #9 
vitasum D renal metabolism, 91 
Parathyroid hormones (PTH assar, 90, 138 
hypercalcaenia, 97-38 
hypocalcaemua, 101 
hypoparathyrondism, 99-100 
multiple endacrine neoplasia (MEN), 685, 
647 
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renal csteudvystrophy, 523%, 524 
Parathvrort hormone (PTH} receptor, 90 
Parathyroid hormone related peptide 
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assay, 93 
calcium metsbolism, 93 
renal phosphate handle, 104 
structural aspects, 43 
transplacental calciom'phosphate transport, 
430 
TUTDOUT SéCrETION 
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69), 695-696 
molecular biology, 690, 692 
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multiple endocrine necoplasta ? (MEN D), 
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primary hyperrarathsroidism, 45 
renal osreodvstrophe, 521 
Parathyroidecromy 
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multiple endocrine necplasa L (MEN 1}, 
685 
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capper deficiency, 153 
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giutamine supplements, 196 
hypophosphataemia, 108, 109 
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hipid emulsions, 134 
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manganesc deficency, 183 
manganese toxicity, 184 
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monitoring, 197 
neonate, 436-497 
cholestatic hver disease, 435 
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shon gut syndrome, 213 
sites, 195 
solutions composition, 196 
anc deficiency, 142 
Parkinson’'s disease, 773 
Paroxetune poisoning, 67% 
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laboratory tests, 461-462, 465 
red cell membrane protein defects, 458 
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Patient identification, & 
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PC, 63, 68 
acid-base sratus sasesament, 69 
derived uruts, 69 
hydrogen ron concentration relaneomship, 80 
muxed acid-base disorders, #1 
non-respratory acidosrs, 71 
respiratory acidosis, 73, 76 
respiratotry alkalosts, 79 
Pellagra, 180 
carcinoid sndrome, 680, 703 
Hartnup disorder, 611 
Pendred's syndrome, 348 
Peretrance, 746, 763 
Permcallamince 
autoimmune hvpoglycaenus, 297 
copper binding, 82 
cvatnura, 166 
Indian childhocd cirrhoss, 252 
monionng, 10,2%2, 543 
rheumatosd arthrritis, 534 
vitarun À, metabolism, 160 
Wilson’'s disease, 252, 593 
Penicillies 
prouimeal convoluted tubule secrenon, 121 
renal ponrassium loss, 53 
Pentagastnin test, 686 
Pentamidine 
D cell toxicaity, 291 
hypoglvcaemis, 2834, 291 
Pentose phosphate pathwas, red cell, 454, 
455 
congenital defecthaemoletic anaemis, 456 
Pepsin, 207 
Peptide absorprion, 207 
Peptide digestion, 207 
Peptiie hormones, 721 
ACTH<iependent Cushuing's syndrome, 
307 
calcitonin response, 92 
carainoid tumour secrenon, 679 
éciopic producion, 087 
unamunc lanction regulation, 3947, 358 
Perchlorate discharge test, 337 
congeontital hypothyroidism, 349 
Percutaneous endoscopic gastrostomy (FEG), 
195 
Percutancous nephrostomy, 132 
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Pericarditis, 137 
Perinatal asphyxia, 431 
Periodic acid-Schiff (PAS: technique, 531 
Penpheral neuropathy, 505-506 
malignant disease associations, 700-701 
Petitoneal dialysis 
dlucose absorpuon/insulin reguirement, 
138 
posHang Management, 605, 676 
principles, 142 
protein losses, 139 
renal failure 
acute, 154-135 
chrome, 142 
hypoglycaemia, 249 
Permicious anaertua 
bihrubin formation, 223 
intnnsic factor (IF) deficiency, 205 
Percgde ion, 766 
Permasomal disorders, 450-4951, 591, 
617-618 
diagnosrs, 451 
treaument, 491 
Pethidine poisoning, 673 
Petrosai sinus sampling catherer, 307 
p-élycoprotein, 501 
pH. 61-62 
blond reference range, 41 
Phasochromocytomae, 327-328 
catecholamines, 572 
clinical features, 327-328 
anxiety state, 571, 572 
diagnonis, 328, 572 
ectopic ACTH secrernion, 306 
d'ucoregulation abnormalites, 266 
investigations, 328 
multiple endocrine neoplasia 2 (MEN 21, 
682, 685, 686 
treathent, 128, 686 
Pharmacokinetcs, 641-643 
absorbed dose estimation, 642 
abiorption rate, 642 
active metabolites, 643 
apparent volume of distribution (Vd}, 642 
distribution haif-life, 641 
chmination, 641-4642 
chmination baif-ife, 642 
initial concentration, 641, 643 
metabolism, 642 
steady state conditions, 642-643 
Cpss, 643 
dosc requrement calculations, 658 
rapid achievement, 647 
tnans, 659 
volume cf distnbution, 641 
Phenacetin nephropathy, 155 
Phenformin-nduced lacnic acidosis, 73 
Phenobartitone 
élucuronvi transferuse deficiency type Il, 
434 


therapeutic drug monitort 
Phenoiphrhalein, 213 
Phenothianme-mduced hyperprolactinaenms, 
303, 399 
Phenotype, 762 
Phenoxv-benramine, 328 
Phenvylalanime 
metabolism defects, CSF bioptenins 
meéssurement, 566 
nutrihont) sspects, 604 
Phenvialanme hydraxylase assay, 605, 606 
Fhenylalanne hydroxviase deficieney 
chinical fearures, 604-605 
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Phenvlalanine hydroxylase deficiency (art) 
DNA analyus, 606 

cozvine assav, 60%, 60 

heterogeneity of gene mutations, 743 
heterozvgotes detection, losding testé, 606 
incidence, GUM 


hyperphenvialaninacnia, 004 
aon-PRU hyperphenvialaninaemia, 604 
phenviketonurta (PKUT see 
Phenviketonuna (PFKLT 
phenvialanine plasma concentration, 604 
phenelipyruvie acid unnaryr ekcretion, 604 
Phenvialanmine loading test, 606 
Phenviketonunma (PKRUS, 604 
choucal features, 604-605 
mental handicap, 6(M 
hagnosts, 605, 606 
differential disgmesss, 605 
DNA analyus, 606 
genetic hetcrogencity, F4 
heterozygotes detection, 606 
intrauterne growth retardation 
microcephals, 423 
inanagenent, 439 
preventive phenvlalanine-free dier, 194, 
605 
restdual neurolegical deficit, 450 
matemmal, 604, 60% 
diectary control, 60% 
tératogemic cllect, rich 
necnatal screening, 4, 21, 459, 604 
phenvylalanine hydroxylase deficiency, 604 
phenvlalanine plasma concentration, 604 
Fhenvton 
dosage adjustment, 6484 
dosage prediction protocol, 658 
dese-plasmna concentranon relationship, 
645 
drug-induced acute porphyris, 479 
free drug assays, 649 
intestinal caicrum transport iripairinent, 
418 
paracetanol interacton, 666 
poisoning management, 664, 660, 075 
tératogemicity, 600 
therapeutic drug monitoring, 64%, 645, 
646, 653 
indicanons, 653 
urgent analyses, 656 
thyroid function effects, 341 
toniciy, 647 
valproate interaction, 649 
Phosphate 
dhetary, 104 
chronic renal failure, 139, 140 
dismbunen, 192 
flumes, 103, 104 
intracellulatr, 102-107 
organe compounds, 103 
rechstribution, 103 
parenteral fecding, 197 
Phosphate buffer system, 63 
Den-rspuratory acidoms, 71 
resmiratory acidosis, 76 
urine, 66, 71 
Fhosphate deficiency 
acute sendrome, 108, 109 
nckets of prematunity, 431 
tissue oxygenaron, 102 
Phosphate cpems, 106 


Phosphate mfurion 
hvpercalcaémma management, 48 
hyperphosphatacrnis, 106, 107 
Phosphate metabohsm, 102-109 
bone, 103 
chronic renal fadure, 138 
homeostans, 1C3- 1014 
intestinal absorption, 103, 104 
noonate, 430-432 
dworders, 430-4532 
parenteral nutrition, 437 
regulatory factors, 104-105 
renal 25(OHDD lo-hydroxylation, S1, 
103-104 
renal osteodystrophy, 521 
renal tubular transport se Renal phosphate 
reateorprion 
transplacental transport, 430 
unnary éxcreton, 103 
Fancon: syndrome, 168 
renal tubuiar acidoas type 2 (proxmimal), 
‘4 
nickets of prematuriey, 431 
Phosphate plasma concentranon, 105-106 
chidhond, 105 
chronic renal failure, 138 
diurmal variation, 105-106 
enteral nutrition monttornme, 197 
hsemodiatyss montortng, 141 
hupocalcaema investigation, 101 
bypoparathyroidiem, 10} 
hypophosphatserma dragnonis, 108 
inérgame ions, 102 
ketogcidogis, 277 
malabsorpiion investigation, 211 
muscle disease, 544 
osteomalacra/nmckets, 518 
ottéoporose, 515 
parenseral nutnaion monitoring, 197 
plasma protein bound, 102 
postprandisl variation, 106 
renal ostecdysurephy, 522-523 
renal transplant montorning, 142 
respiranry alkalasis, 79 
sec abs Hyperphosphataenia 
Phosphate replacement therapy, 109 
comphcanons, 109 
Fancon: syndrome, 169 
hypophosphataeme ostcomalacia, 520 
Phosphate-binding agents 
alumanrum hvdromde, 522 
aluminium toxicity, 140 
chronic renal failure, 107, 140 
hypermagnessenmma, 112 
hypophosphataena, 108 
phosphopente osteomalacia, 519, 520 
renal osteadystrophy management, 524 
Phosphoethanolamine unnary excretion, 421 
Phosphofructokinanse (PFK) deficiency, 550 
Chronic haemolvtic anse, 456 
envie messurement, 551 
dlvcolytic mtermediates concentration, 464 
hastochemacal demonstranon., 551 
red cell 2,3-DPG concentranon, 462 
Phosphogisccrate kimese (PGK; deficiency, 
464 
chromc haemolstic anaemis, 456 
clinical features, 453 
enzyme measurement, 551 
slvcolytic intermecdiates concentration, 464 
Phosphogiycerate mutase déficency, 551 


absorption, 20 


chvlomicrons, 625 
acquisition in plasma, 625 
transfer to HDL., 626 
dhetary intake, 175, 208 
digestion, 209 
cicosarnids bissvmthess, 726 
csscntinl fany acids, 175 
high density hpoprotein (HDL), 626, 627 
Hiver synthesis, 220 
pPreguncyr-associted changes, 419 
structural aspects, 623, 624 
very low densite hpoproten {VLDL), 626 
Fhosphorviase 
cnzvme ACUVITY Mméesurement, 551 
hisiochemical demonstration, 551 
Phosphoryliase deficience, 550 
Fhosphorylase kinase deficiency, 551 
Photosensinve porphymas, 470 
crythropoietic pornhynis, 473, 474, 478 
crrbropaienc protoporphyri, 474, 475, 478 
hepatoervihropoetié porphyria, 477, 478 
hereditary coproborpheria, 470, 473, 478 
management, 472, 474, 475 
Mechanism, #78 
porphyris cutanes tards, 476, 478 
vanegate porphyria, 470, 472, 478 
Physostigmine salicyvlate, 664 
Phytanic acid G-hydrolase assay, 617 
Phytanic acid «-hydrolase deficiency, 596, 617 
Phytanic acid accumulation, Refsum's 
disease, 506, 617 
Fhytomenadione se Vitamin K, 
Prantary 
anterior lobe (adenohypophves) hormones, 
245-206, 207 
chmcal anatomy, 20$..2706 
tunction assessment see Piturtars function 
tests 
hormone negative fesdhack control, 297 
hormones measurable in laboratory, 296, 
297 
hypothaiamo-piuitarsviend-organ axes, 
296-297 
portal circulation, 246 
postenor lobe (neurohypophyais) 
hormones, 296. 297 
Pruisary adenoma 
Cushing's disease, 06 
abetes inaipidus'rasopressin déficiences, 
$11 
functionldéss, 308 
conadotrophin-sccrcung, 308 
macrosdenoma, 30% 
mvestigation protocol, 301 
rmcrosdenoma, 303; 306 
pituitary hypersecretion states, 303 
TSH-secreune, 308 
Pirustary apoplexr, 309 
Piruitars disorders, 205-313 
cirrhosis, 247 
chméal assessment, 302 
growth hormone deficiency, 4384 
hypersecretion stutes, 403-308 
pituntary funchon investiganons, 301-302 
protocol, 301 
pituitary imaging, 302-303 
portal circulation impairment, 296, 303 
tesres endocrineé évalintion, SU 
Pitutary fibrosis, idiogarhic, 30% 
Pitutary funcuion tests, 298-302 
ACT H-adrenal aus dynamic tests, 
298.200, 301 


Pituitury function tests (cond) 
basal hormone investigations, 298, 301, 
302, 311 
chortiphene test, 300 
glucagon test, 299 
gonadotrophin secretion, 298, 300 
growth hormone reserve assessment, 
hyperprolactinaermis, 303-304 
bypertoue saline infusion, 301 
insulin stress test, 298-299, 301 
intravenous short Synacthen (tétracosactrin) 
test, 296, 301, 302, 320 
LH pulsatihty assessment, 300 
metvrapone test, 299 
monttonng in discesed states, 301-302 
post-prtuitary radiation, 302 
post-pituitary surgers, 301-302 
Pituitars-gonadal axis, 298 
pituitary-thyroid axis, 298 
postenor pituntary, dimanmic tests, 40-36 
protocols, 301, 311-313 
releaung hormone tests, 300 
water deprivation test, 300-301 
Pituitery amaging, 302-303 
hyperprolacunaermea, 399 
precocious puberty, 341 
Pituitary uradiation, 302, 304, 308 
PFivuitary replacement therapy, 311 
Pituitary surgery 
acroimegaly, 303 
Cushing's syndrome, ACTH-dependent, 306 
post-surgical assessment, 308 
funcnonless pauitary sdenomus, 308 
prolacunoms, 304 
TSH-secretng pituitary adenoma, 30% 
vasopressin deficiency following, 311 
Prouttary namour 
a subunit aasavs, 339 
hypogonadotrophic hypogonadism, 407 
impotence, 409 
lateral extension ruth nerve defects, 302 
metastarie, 308 
multiple endocnne nécplasia | (MEX L, 
682, 684 
pituiary funcoon monitoring, 302 
post-treatment, 301-302 
pituitary irradiation, 302 
portal crcuilanon interférence, 2%6 
visusl eld loss/optie chiasme pressure, 
296, 302 
sec also Piruitars adenorra 
PIVKA, vitamin K deficiency, 190 
Placental aromatase déficiences, 377, 380 
Piacental sulphatase deficiency, 377 
Plant toxin poisoning, 677, 678 
Plasma proteins 
cute phase response, 735-736 
buffering capacity, 63 
cercbrospinal fland (CSF, 559.560 
drug binding, 649 
bepatic aynihesis, 22 
nephrotic syndrome, 1535 
cestrogen therapy, 420 
pregancy-associated changes, 418419 
Plasma renin activity (FRA) ste Renin 
Plasma volume 
afferent monitonng mechanisms, 26 
pregnancy-assocated changes, 418 
see ose Intravasculiar space 
Plasmacyroma, 501 
interleukin 6 (ILS) response, 729 
paraprotems, 501 


treatment, 501 
Plasmalogens, 451 
Plasmapheress, poisaning management, 665 
Plasminogen, 403, 741 
Plasmodian faliparum malaria sec Malana 
Plateket-scnivaung factor (PAF, 729 
acuons, 729 
Acute phase proteins response, 736 
bnosynthess, 729 
clinical shock, 734 
inflammatoes response, 743 
kmin-induced biosymthens, 741 
stress response to injury, 719 
Plateler-derived growth factor, 725 
bone matrix, 509 
bone metabolism, 93 
chrome renal failure pathogenenis, 135 
Pleura]l fluid analyvus, 547 
Plicameycin, 527 
Pneumococcal sepsis, 488-489 
Fneumocystis canne, 291 
Point mutations, 742, 762 
Posoning, 659-678 
acckiental in adults, 660 
children, 660 
diagnosis, 661-663 
biochemical mvestiganions, 661 
clinical examination, 661 
inéhications for tests, 662-663 
samples required, 662 
infants, 660 
Management 
antidotes, 664, 665 
body temperarure, 664 
Carhovasculer support, 664 
convulsions, és 
chinunation techniques, 665 
general supportive Care, 664 
inmediate, 663 
intestinal decontemmination, 664 
renal comphcetions, 664 
réspiratory support, 607-664 
unconsoous patient, 663-064 
néogate, 660 
non-accidental murs by parent, 660 
Parasuicidal drug overdose, 660 
pPotsons centres facihties, 661, 664, 678 
prenatal, 659-660 
epécilic poisons, 6695-4677 
suicidal drug overdose, 660 
target crgan approach, 660 
pes of leuicn, 60-66 | 
Pinsons centres, 661, 663, 678 
Polva gastrecromy, 201 
Polyamines excretion, 694 
Polyevetic ovary smdrome (FCOS) 
acanthosis nigricans, 270 
amencrrhocaohgomenorrhoes, 399 
associated endocnne disorders, 399 
chagnosis, 401 
Schydrocpiandrosterone sulphate 
(D'HEAS}, 402 
FSH therapy, 399 
£lucose mtolerance/secondar NIDOM, 26% 
birsutisen, 401, 402 
hyperprolactinaemia, 503 
insulin regstance, 269, 309 
luteinising hormone (LH), 400 
obesiy, 193, 269, 399 
Ovulation imduction, 406 
Polveveuc renal disense, 135 
Cocmsrent bver disease, 246 
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Polydipaia 
acute diutional hyponatraenia, 45 
Fancom syndrome, 169 
pregnancy, 39 
primary with polyura, 40 
hypertormc saine infusion test, 41 
Management, 41 
water deprivation test, 409, 41, 301 
paychogenic, 40 
Polsgenie mheritance, 762 
Polsgeruc inherited disesse, 743 
Polyglandular suroinmmune syndrome type 1, 
is) 
Polvglutamates, 202, 203 
absorption, 203 
Polymeruse chain reaction (PCR). 739, 
148-749, 750, 762 
cystuc Gbrosis mutations, 753-736 
dystrophin gene mutations, 756 
microsarellite polymorphian tracking, 752 
mulniplex, 750, 756 
prenstal dagnosts 
a,-antitrspain definency, 754 
feruleed embryos, 753 
SCHSITIVIEY, 749 
Polymorpghisms, 743, 762 
Polkymycsitis 
crestine kinase (CK) elevation, 549 
malignant disease associations, 700 
Polyostotic fbrous dysplasis, 519, 531 
Polvstyrene sulphonate resins, 51, 58 
Polyura, 57-41, 123 
definition, 37 
chabetes insipidus, 307 
Fancom syndrome, 169 
hypercalcaemin, 45 
hyperthyredism, 343 
laboratory investigations, 40-41 
hypertonis saine infusion, 41 
water deprivation test, 40-41 
management, 41 
post-piiunary surgery, 301 
primary, 37-38 
secondary, 37-38 
polydipsis se Polydipsia 
Population gene frequencies, 745 
Population screening, # 
Porphotilinogen (PRG) 
acute intermittent porphyrs CAÏP, 470, 
451 
acute porphyrns, 460 
heuroviscural attacks, 478 
hacm imosvothesis, 467 
Porphobilinogen (PRG) deaminase, drug- 
induced inhibition, 479 
Porphotilinogen (PRG) urnary excrenun, 
187 
acute intermittent porphiyria (AIÏP, 471 
acute porphyria attack diagnosis, 480 
hereditury Copropoerphyris, 473 
lead toxicity, 479 
variante porphyna, 472 
Porphyria cutanes tarda, 470, 475-477 
acqured setiology, 465 
alcohol abuse, 245, 244 
ver disease association, 476 
associated medical conditions, 477 
asvmptomatic camier detection, 476 
biochermcal features, 244 
clinical features, 476 
cutaneous lesions, 476, 480 
flerennel disgnosis, 476-477 
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Porghyria cutanea terda {cwraf) 
herediiars form, 475, 476 
investigations, +760 
photosensinrntion, 476, 47 
porphyrins accumulation, 475-476 
7-carboxvlate porphynn, 476 
5-carboxylate porphynnogen, 476 
uroporphyrin, 476 

sporadic (type 1}, 475, 478 
procipnanne factors, 476 

toxic form, 476 

treatment, #77 


uroporphynn-producing Lver tumours, 476 


Porphyrnas, 253, 469-480 
acute, +60 
chrucal features, 470 
acute neurovisceral attacks 
acute abdomen, 787 
diagnosis, 480 
mechamemns, 474-479 
brochemical tests, 479-480 
classification, 470 
curanecous lesions, 480 
differential diagnosis, 567 
genetic aspects, 469 
latent cases idennfication, 479 
ho-acute, 466, 470 
peripheral neuropathe, 597 
photosensrty, 469, 470, 472, 473, 474, 
475. 476. 477 
mechamsm, 478 
prenatal diagnosis, 480 
treatment, 597 
Porphyrin gallstones, 474, 475 
Porphynmnogens, haem Miosynthesis, 468, 
469 


faecal, 479 
porphyria cutanea rarda, 480 
vañegale porphyns, 480 
bhaern metabolism, 467 
photosmmthenc activity, 468 
urinary, 47% 
erythropietic porphyria, 480 
hepatoerythropoiecc porphyna, 477 
porphyris cutanca tarda, 480 
Porphyninuria, asymptomatuc, 253 
Portal hypertension, 244 
Portal vein thrombhosis, 234 
Fortocaval shunt, 244 
Posvional cloning, 762 
Postanalytcal sources of error, 14 
Postooital test (PCT, 400 
Postheparin hpolytic activiey (PHLA), 434 
Postnatal depresave 1llness, 340 
Postparum hsemorrhage 
acute tubular necrosis, 122 
Shéchan's smdrome, 309 
Postpartum psychoss, 573-574 
Postpartumn thyroiditis 
hypothyroidhism, 352 
thvrend peroxidase autountibudies, 340 
tranment hyperthyroidiso, 351, 352 
Postprandial syndrome, 293 
iiopathic hypogtycnemia, 293-204 
Post-trandanonal modibcation, 688, 742 
pro-opiomelanocortin (POMC) gene 
products, 690 
Postural proteinuria, 146 
Posture-related Variation, 9-10 
Potassmumn, 25-60 
chrome renal failure, 138 


colonie sécretion/retention, 31 
comparison of results with reference limits, 
15 
dietary 
chronic renal failure, 139, 140 
deficiency, 320 
disorders of metabolism, 49-58 
hsiiburtion, 25, 30 
math acidosie, 71 
catecholammes, 30 
insulim, 50 
extracellular fluid (ECF', 30 
intracellular concentration, 29-30 
neonate, 426 
nevromuscular funcron, 30 
non-respirarory afkaloss, 77, TA 
parenteral feeding, 197 
renal metabolism se Henal potassium 
handling 
retenton, 56 
unnt concentration, 31 
Potassium chlorate poisaning, 676 
Porssaum hydrogen phosphate, 109 
Potasaum rtnite/nitraté poisoning, 676 
Potassium plasma concentration, 29 
acute brain syndromes, 570 
acute renal Gulure, 133 
Addison's discase {primary 
hyroadrenaliam), 322 
aldosterone regulation, 416 
ascites treatment momtonna, 245, 246 
emteral nutrition monitoring, 197 
haemodialysis monitoring, 141 
ketoacdosis, 276, 277 
mineralocortconts assessment, 320 
muscle disease, 348 
parenteral nutntion monitoring, 197 
polvura, 40 
renal transplant monitoring, 142 
sec aise Hyperkalaemia; Hvpokalaemis 
Potassium replacement therapy, 54 
famuhel hypokalaemuc penodic paralyas, $0 
intravenous therapy, 54-55 
non-réspiratory slkalosis, 78 
cral preparations, 54 
renal tubular acidosis type | {classic disral}, 
16K 
Prader-Wih syndrome, 373, 746 
gonadotrophun deficiency, 389 
Pralidesame, 670 
Prealburmin 
cerebrospinal fluid (CSF:, 560 
on reduction meéssurement, 561 
nutritional status assessment, 147 
pregtiancy-associated changes, 419 
stress/acute phase response, 718 
Proanalytical sources of error, 8-11 
Biological factors, 8-11 
age, #1 
bodty mass, 9 
sex, 9 
drug imtake, 10 
exercise, LO 
food istake, 10 
ntrinsic biologcai vanstion, 10-11 
posture, 4-10 
siress-rclated changes, $ 
technical factors, 8 
üme-dependent changes, 
Precision, 12, 13, 13 
Précocious pubherty, 387-388 
sdrenal androgens, 318 
causes, 387 


cndocnne mvestigations, 30] 
GaRH agonist treatment, 388 
polyostotic fbrous dysplasia, 531 
variants, 3588 
Pradictive value of tests, 3, 19-23 
culculation, 21, 22 
definition, 30 
multule testing, 22 
practical applications, 22 
prévalence relationship, 21-22 
receiver operating characterstic (ROC) 
curves, 25-23 
relation to truc/false positivesnegative 
results, 20 
selection of cut-0ff point, 21 
sensnvity relationship, 21 
specihiointy relationship, 21 
Prédnisolonce, 150, 321, 682 
Pre-cclampaia 
fetal well-being assessment, 417-418 
intraulteriné ee rétardation, 423 
liver damage, 34 
Protenruria, eu 
sodium reténtion, 35 
Pregnancy, 413-430 
acute fatty liver, 246 
alkaline phosphatase plasma concentration, 
225, 234, 511 
rognzymes, 226 
atgienc vasopresan (AVPS, 38, 39-40 
assocated biochermueal changes, 418420 
biachemical diagnosis, 414-414 
biochemmical momtoring, 414-416 
Chronic renal failure, 363 
diabetes méllitus 
gestational diabetes, 267-268 
givcacmic control, 268, 279 
chetary protein requirement, 176 
Dutuin-Johnson syndrome, 248 
endocrine changes, 418 
energy requirement, 174 
fetal malfonmmation screening, 415-416 
fetal well-being assessment, 417-418 
folate requirerment, 203 
gestational age assessment, 413, 414 
glucose tolerance, 419-420 
Ciraves” disease management, 345 
human chononic gonadotroplun (hCG} 
assay, 413-414 
hyperprolactnacmia, 307 
hypothyroidism management, 351 
hypouricaemis, 336 
intestinal calcium abscrption, 88 
intrahepatié cholestusis, 248 
intrapartum fetal monitoring, 418 
on absormpuon, 201 
on requirement, 2 
jaundice, 248 
liver function changes, 248 
liver function veste, 248 
osteucalon plasma values, 512 
placental 1,25-dihydroxyvicamin D 
synthesis, 93 
casa hpid'ipoproien, 416 
plasma proteins, 418-419 
potsoniné, 6596160 
polydipsia, 39 
poluna, 34%.40 
pregnancy-asseciated plasma protéin À 
(PAPPA}, 414 
progesterone effects. 308 
prolschn plasma concentration, 297 
proteinuria, 147, 420 


Pregnancy (com) 
reference value changes, 4 
Schwangerschafteprotenn 1 (SF1), 414 
sex hormone-binding gobulin (SHBG), 
399 
sodium rétention, +5 30 
thyroid funcuon tests, 334-335 
thyrod peromidase autoantibodies, 340 
zinc requrement, 182 
Pregnancy loss, early 
brochemmceal monitonne, 414-415 
hourman chonomue gonadotrophun (h£G), 
413414 
see ae Abortion 
Fregnancv-associmed plasma procein À 
(FAPFPA;, 414 
Pregnancv-induced hypertension se Pre- 
cchampeia 
Pregnenolone 
3b-hydroxysterod dehydrogenase 
deficienct diagnosis, 370, 382 
cvanan mossnthetic pathwars, 397, 348 
Prekaltikren (PK), 730, 731 
Prenatal diagnerss 
adrencleukodyatrophe, 592 
adrenomveloneuropaths, 595 
androgen imsenatvity sindrome, 385 
DNA analves, 752-753, 761 
in fertlired embrvos, 753 
Fabry's disease, 547 
Gaucher's disease, 592, 614 
CG ganglhiosidess, 613 
haemoglobinopathies, 491 
homeocvesrinuria, 610 
Lil-hvdronviase deficiency, 380 
2l-hydronvlase deficiency, 380 
hypophosphatasa, 521 
Krabbc's leukodystrophy. 591 
Lesch-Nvhon syndrome, 617 
maple syrup urine disease, 611 
imetachromatic leukodvetrophr, 591,615 
mucopolvencchandonss, à 16 
rmuscular dystrophy, 756 
Fay-Sachs disease, 613 
traclong of mutant genes, 751 
urea cycle disorders, 608 
Preterm infant, 42% 
acids, 22H 
alkaline phosphatase CAL) levels, 433 
amino acid plasma concentration, 449 
amunoaciduris, 449 
apnoea of prematurty, 425 
blocd sampling-associated anaenua, 425 
calcram/phosphaté metabolism, 430 
cartutine, dietary requirement, 182 
flusd'electrolytes 
drugs affecting balance, 427 
requirements, 426, 427 
hypernatraems, 427 
hypocalcaerta, LMI, 431 
hypoglvcaernia, 429 
insensible water loss, 427 
kernicterus, 2943, 433 
matemnal drug ahuse, 424 
marenteral nutrition, 446-447 
hepatocellular necross, 249, 437 
infant préparations, 437 
metabolic bone disease, 437 
trace element deficiencies, 437 
physolomcsl mundice, 233, 433 
poisanme, 660 
renal funcron, 425, 426 


acid-base status, 428 
test interpretation, 428 
nckets of prematunty, 431] 
thyroid hormones, 440 
total body water, 426 
transient hyperphenvialaninacrnia/ 
trosnaems, 435 
vitarm E deficréney, 178 
an requurement, 152 
calculation, 2}, 22 
définition, 20 
predionve value of tests, 21-22 
Primidone, active metabolite 
(phenobarbitone) monitoring, 643, 652 
Probenecid, 536 
Procainamide 
autommunc hypogivcsenmua, 292 
therapeutic drug monitornng, 653 
Prochlorperazine, 303, 471 
Procollagen tosynthesis, 508 
Procollagen fragment bone formation marker, 
512 
Procollagen peptide ET (PITIP) assay, 230 
Progesterons 
adrenal secretion, 315 
büuluwmis nervoss, 371 
chronic renal failure, 363 
corpus buteum secretion, 396 
early pregnancy loss, 415 
éCtopie pregnancy, 187 
chdometnal effects, 395 
LH-induced ovaran secretion, 396 
bpoprotein plasma concentration effects, 
636 
luteal deficiency, inferulity association, 400 
menstrual cycle, 9, 398 
luteal phase, 395, 400 
oral contraceptive pall, 420 
cvaran mosynthenc pathwavs, 397, 398 
cvulation assessment, 400 
Piiuitarsgonadal axis assessment, 298 
pestpartum psychosis, 573 
Pregnancvy-associatecd changes, 418 
pulsaule secretion, 400 
superovulation monitoring, 401 
transport, 498 
L'OH-Progesterone, congenital adrenal 
hyperplasia marker, 378-379 
neonatal screening, 379 
prenatal diagnosis, 380 
Progesterone agomsrs, synthetic, 308 
Progesterone antagonuets, synthetic, 398 
Progestogens 
actions, 398 
cxcrenion, 198 
hormonc replacement theraps CHAT), 420, 
421 
oral contraceptive pl, 430, 421] 
structural aspects, 396 
Progestogens, synthetic, 420 
cariy pregnancy loss prevention, 415 
lpoprotein plasma concentration effects, 
636 
Pregnanediol, 398 
Prognons, 1 
ASSCSRÏTIOTI 
acute hiver failure, 235 
Chronic bver disease, 234-235 
Prognosuc index (PI, 235 
Progressive external ophthalmopiegia, 
Chronic, 553 


Proineulin, 359 
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hypennsuhnsemia assessment, 266 
metabolic activity, 262 
plasma concentration, 3280 
fasting hypogiycaemus, 286 
msuhinorna, 288, 683 
structure, 260 
Prolactin 
affective disorders, 369 
setenor piuitars synthesis, 295, 396 
basal pituitarv function investigation, 293, 
+11 
depressive illness, 579 
diurnal variation, 4 
manne tests of secretion, 30 
bormonal regulation of release, 207, 306 
in male, 403 
portal circulation dependence, 297 
immanomodulatory properties, 359 
lactation, 297, 396 
pregnancy, 297, 418 
maychotropic drug effects, 370 
schixophrenia, 369 
stress-induced secretion, 9, 247 
structural aspects, 396 
tryptophan-induced secretion, 579 
Prolactinoma, 303-304 
dopamine agonist therapy monitoring, 304 
hyperprolacnnasmia, 303 
management, 504, 684 
mulrinie endocrine neoplasia | (MEN 13, 
RE | 
mtuitary hormone assessment, 303-354 
presentation, MH)4 
Proliferative gomerulonephnitis, 151, 152 
microscopie haematura, 152 
selective prouicmuna, 152 
Proleniged fust test, 285, 294 
nsulinoma, 288 
Promoter, 688, 741, 762 
Pro-omomelanocornn (POMES gene, 689 
ACTH ectogic production, 689-690 
gene products, 689 
hon-pituitary tissue expression, 669-690 
pituitary tissue expression, 680 
post-transdational modification of gene 
products, 690 
transcription contsol, 690 
Propioni acidsemia, 448 
Propionyl Co mor deficiency, 448 
Propranolol, 50, 328, 3423, 674 
drug-induced hypoglycaernia, 291 
Propritiouracil, 332, 337, 345 
Prostacvclm (PGL), 623 
achons, 623, 727 
biosymthesis, 623, 727 
metabolism, 727 
Prostaglandin D, (PGD).), 694 
Frostaglandin E, (PGE.; 
actions, 727 
glomerular filtration regulation, 121 
cendogenous pyrogen activiey, 727 
bhalf-life, 727 
malignant disease, 694 
Prostaglandin endoperoxide symthase, 623 
Prostaglandin F; 121 
Prostaglandin G, (PGG.) 
biosynthesis, 623 
reactive oxygen species, 708, 709 
Prostaglandin H, (PGH,) 
tnosynthests, 023 
Prostaglandin synthase mhbitars 
clderky patients, 57 
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Prostaglndin synihase inbibitors (cont) 
hyperkalaemna, 57 
polvuna management, 41 
Prostagiandins, 623, 726 
acute phase response, 359, TI8, 746 
bioswnthesis, 623, 726 
aspinn effects, 624 
CSa-mediated release, 733 
essential farry actd precursors, 179 
fever, 359, 694 
malignant disease, 694 
nomenclaruee, 727 
paratyroid hormone {PTH) regulanon, 90 
renal blood flew, 120, 122, 143 
renal medullary intersutial cell secretion, 
120 
structure, 625, 727 
Prostate-specific antigen (PSA), 712 
Prostatic acid phosphatase (PAP, 712 
Prostauc carcinoma 
androgens stimulation, 702 
tumour märkers, 712 
Prostatic hepertrophy, benign 
acute renal (ailure, 132 
prostate-specific antigen (PSA), 712 
Frosthetse heart valves, 458, 460 
Protein 
dictary deficiency, 176 
albumin plasma concentranon, 1847 
chetary excess, 176 
dictary intake, 176, 207 
chronic renal failure, 139 
endogenous, dicrary contmibution, 207 
putritional status assessment 
total baly protein, 188-169 
viceral proteins, 147 
posture-related variarion, 10 
Protein C, 179 
Frotein catabohic rate (PCR), 141 
Protem metabolism 
absorpnon, 207 
clinical aspects, 307-208 
investigations, 208 
chronic renal failure, 139 
hgestion, 207 
liver, 220-221 
malignant disease, 694-605 
metabolic résponse 10 mqury, 714, 720 
renal conservation mechanism, 143-146 
starvaton, 368 
Protem S, 179 
Protem synthesis 
gene transonipuon, 687688 
post-tranelational modification, 688, 742 
secretors proteins, 088 
RNA translation, 688, 741 
initiation site, 741 
Prncin-deficient pancreatic diabetes, 268 
Proteir-energy malnumuon, 193-193 
bypoglrcuemix, 292 
churd world chuldren, 192-163 
chinical classification, 192-193 
nutrinonal dwarf, 193 
western adults, 193 
#inc deficiency, 182 
Provein.losing enteropaths, 208 
Prnenueria, 123, 124, 143-160 
appearance of urine, 134 
classification, 147 
chinical correlates, 148 
chinical mvestigation, 156 
protocol, 160 
diabetes mellitus. 158, 273 


drug-induced, 5421 
cxercise-induced, 146 
glomerulonephrins, 150, 152 
mechamiems, 147-146 
paihophyraoloncel consequences, 
153-154 
renal Mistology relanonship, 152-153 
selectivity, 148, 150, 152 
steroid-responsive, 150, 152 
nephrogenic, 125 
non-renal disesse, 158-159 
overflow, 125 
postrenal pathology, 139 
postural in healthy patient, 146 
pregnancy, 420 
prercaal origin, 156-15% 
proteins of renal origin, 145 
renal disease, 147-158 
acute mmtrinsic renal failure, 131 
chronic renal failure, 135 
renal transplant monitoring, 142 
tubulur, 135, 154 
renal disorders, 154-153 
urine specific gravity, 124 
urine stick tests, 164) 
see also Urinary protein excretion 
Fraeus imfection, 170 
Prothrombin time (PT, 228 
acute Ever failure, 239, 240 
pe assessment, 240 
hepatitis, 3 
chronic active CCAHN, 241 
progression Lo acute liver failure, 239 
liver function tests, 227-228 
chronic disease prognosis assessment, 235 
malubstrprion investigation, 211 
necnatal heparocellular disease, 434 
paracetamol poisoning, 606-667 
Reve's syndrome, 250 
salicylate polsoning, 668 
vitamin À status assessment, 190 
Protc-oncogenes, 758 
Protéporphyrin, 469 
ammolacvuhnic acid dehvdratasc defcaency 
porphyna, 473 
érythropoietic protoporphera, 474 
haem tuosynthesis, 4607, 408-469 
leact toxicity, 479 
varicgate porphvna, 472, 480 
Protoporphyrinogen EX 
haemm bivsymithesis, 467 
varicgate porphyria, 472 
Protoporphyrinogen oxulase, 467 
Protoporphyrinogen oxidase deficiencs 
Chester porphyris (dual porphona), 478 
vancgste porphvris, 471 
Proximal convoluted tubule 
albuenin catabolism, 153 
amino acids reabsorption, 164 
bicarbonate reabsorpuoe, 165 
functional aspects, 121-122 
functional assesment, 128 
glucose rcabscrpuon, 164 
hydrogen ton excretion, 164, 165 
phosphate reabsorpuion, 164 
protein catabolism, 143 
protein reshsorption, 145 
sodium rabeorpuon, 164 
structural aspects, 117, 118-119 
Pruritus, 242, 248 
Pseude-Cushing’s srndrorme 
Chronic alooholssm, 366, 671 


secondary diabetes mellitus, 268 
Pseudogout, 536 
Pseudohermaphrodiniem, female, 376, 

377-390 

Causes, 477 

congenital adrenal hyperplasia see Adrenal 

hyperplasia, congenital 

ferruniemg testis syndrome, 406 

matérnal androgen-secreung tumours, 380 

Sa-reductase deficiency, 406 

tenrosteronc biosynthetic ensvme defects, 

406 
Pseucdohermanphreditiem, male, 376-377 
decreased testostérone production. 
381-383 
M-hydrosysteroid dehydrogenase 
defbicrency, 378, 380 
normal testosteronce production, 383-385 
tesosterone mettbolism abnommality, 
342-383 
Péeudohyperaldosteromem, 53 
Pseudohvperkalseme, 320 

familial, 55, 57 
Preudohyperphosphataemuas, 106 
Pieudohypoaldosteronism 

type 1, 33, 77 

type 2 fGrordon’s smdrome), 97 
Preudohyponatraemnis, 43-44 
Pseudohypoparathyroidism 

chasuficanon, 100 

Ellsworth-Howard test, 100, 102 

protocol, 114 

hypocalcéemis, 106, 161 

type I, 100 

type LL, 100 

vitasmin D déficiencs management, OZ 
Preudomonss sp. infecuon, 170 
Pseudoporphyris, drug-induced, 476-477 
Pseudoprecocious puberty, 348 
Psvchiatnc disorders, 569-584 

actological aspects, 569 

biochermcal svvestiganons, 511-572 

cndocnne aspects, 369-370 

functional disorders, 569 

hyperventilantion syndrome, 572 

mental state examination, 569 

mani disorders, 572-574 

neurotransmitter studies, 554-578 

doparminergic systems, 574-575 
Serotonergic systems, 579-377 

organe Era syndromes, 570-571 

organic disease associations, 569-570 

postpartum psychosis, 575-574 
Psychogenic polydipsis, 40 

acute diutional hyponarracmia, 45 

see abe Compulisive water deinkmg 
Paychotropic drugs, endocrine effects, 370 
Preroyl glutamic acid (folie acid} tee Folate 
Puberty, 345-387 

scdrenarche, 347 

atkaline phosphatase (ALP levels, 432 

body composition, 385, 586 

breaking of voice, 386 

brenst development, 385 

delaved, 383-390, 391 

endecrine changes, 386-387 

facial hair growth, 386 

growth spurt, 385, 386, 702 

Evnéecomestia, AU 

menarche, 385, 386, 393 

phyaical aigns, 385-386 

precocious, 367-388, 391 
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Puberty {comtf} 
pulnc'axillars hair growth, 38%, 366 
tesnioular volume, 186 
Pubic hair grouth, 385, 386, 388 
Pulmonars disease 
joint involvement, #38 
tissue oxygenation, 83-85 
FaCO., 85-84 
FaQ., 83-44 
chunung, #3 
ventilation-perfusion mmbalance, 83, 54 
Pulmonary embolism, 785 
chest pain, 779 
nephrotic smdrome, 153 
Fuimonary surlactant, 424 
sdminstranon to at-risk neonate, 425 
Pulmonary wedge pressure monitoring, 131, 
133 
Pulse oximerry, #3, 425 
Pure red cell apiasia, 697-698 
Putrescine excrenon, 694 
Prelonephritis, acute, 125 
Pvloric stenose, 74 
Puioroplasty, 293 
Pyridinoline (hydroxviysyipemdinohne), 509 
bone tumoveér marker, 94, 513 
urinury cacretion, 512 
diurne rhythm, 513 
Pyridoxal 5-phosphate plasma concentration, 
190 


hypophosphatauxs, 5231 
Pyridoxal, 180 
Pvyridoxemune, 180 
4-Pyrdonc acid urimars excretion, 190 
Pyridoxine see Viramue B, 
Pyrimethamine, 203, 477 
Pyrimidine S'nucleonudase deficiency 
chronic hsemolvtc ansemia, 457 
hacemolyais investigation, 459-460 
red cell glutathione concentration, 463 
soreening test, 402 
Pyruvate 
cerchrospinal fluid (CSF), 559, 568 
energy metabolism, 258, 259 
plasma concentration 
non-insuhn-dependent diabetes mellirus 
(NIDOM);, 266 
réspiratory Chain defects, 552 
Wernicke-Korsakoff syndrome, 571 
Pyruvate carboxvkinase deéficiency, 443 
Fyruvate carboxtiuse deficiency, 444 
laetic acidesis, 74 
type B (nconatal presentation), 444 
hyperammonastnis, 448 
Pyruvsate dehyvdrogenase deficiency, 443, 444 
chnical features, 444 
CSE investigation, 566 
lactic acidosis, 74 
managermont, 444 
Pyruvate kinase (PK; 
muscle discase-sssociated elevation, 549 
red cell 2,3-DPCYATP relationship, 463 
Pyruvate kinase (PK) deficiency 
chronic baemolyte ansemis, 456-457 
enzyme acUvIy measurement, 464 
giscolytic intermediates clevation, 463 
rod cell 2,3-DFG concentration, 462, 463 
scrcening test, 462 
Pyruvate metabolism disorder, 443-444 
CSF investigation, 559, 566 
Wernicke's encephalopathy suscepubility, 
s71 
Pyruvate tolerance tést, 571 


6-Pyruvoyiterrahydroptenn synthase (6-PTS)} 
astav, 


Quality assurance, 13-14 
external, 13 
internal, 13 
therapeutic drug monitoring, 656-637 
Quinagolide, 304 
Quanidine, therapeutic drug mormtonng, 653 
Quinune 
drug-nduced hypoglycaermia, 283, 201 
infanr accidental overdose, 660 


Radiation entermis, 206 
Rsdhiographic contrast dves, 100 
Radioiodine trestment, 345, 346, 351 
Radrmsctope techniques 
bone scanning, 96 
calchum imestinal absorption, 94 
gomeruler Gierauon rate (GFR) 
meusurement, 128 
Crraves disease, 344 
Hashimoto's thyroiditis, 35] 
hyperthyroidismn, 345, 346 
csteoporosis, 516 
Paget’s disease of bone, 527 
phacochromocytoma, 328 
primary aldosteronism differential 
diagnosis, 324-325 
renal function assessment, 124 
thyrosd gland imaging, 351 
thyroucd status evaluation, 337 
Rapid tests, 3, 123, 13 
rai mutations, 738 
colorectal cancer, 761 
RB gene mutations, 758, 759, 761 
Resctive oxygen species, 767-768 
assessment, 774-776 
antosidænts assays, 776 
cytoprotective enzymes Measurement, 
116 
DNA base adduct formation, 775 
SROGENOUS Spin tape, 1 74 
lipid peroxidaton measurement, 774-775 
protein oxidation measurement, 774 
associated pathology, 172-774 
atherosclerosis, 774 
carcinogenesrs, 772 
haemochromatosis, 772 
mélammatory response, 73 
ischaemse reperfusion injury, 772-773 
néurologcs! disorders, 773-774 
ccosand metabolism, 768 
endothelum-derived relaxing factor 
(EDRF), 768 
leskage from mitochondrial electron 
transport chain, 768 
respiratory burst, 167-708 
Reaven's syndrome se Hyperinsulinaenms 
syndrome 
Recerver operating characteristic (ROC) 
curves, 22-23 
KRecessive inhentance, 744, 702 
X-lnked imheritance, 745 
Kecombinant DNA disgnosnc techniques, 
618 
Records, 14 
Rectal villeus adenomna, 51 
Recumbent position, 9, 10 
Red cell casts, 169 
écute intrineic renal failure, 131 
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Red cell enzyme defects, 464 
congenital hacmolytic ansernia, 456—457 
énzyiné aCHVIY Médsurement, 464 
glvoolvtic intermediates, 46% 464 
laboratory investigations, 462-464 
metabolite concentrations, 462-463 
scrocrang tests, 462 
Red cell folate 
folate arte 204 
investiganon, 211 
vitamin B,,  deficiency, 204 
Red cell fragility/survival, 461 
haemolyais investigation, 460-461, 465 
Red cell indices, malignant disease, 696, 697 
Red cell membrane defects, 464 
acqmured haemolytié anaemia, 458 
congenital haemolytic ansemis, 456 
Red cell morphology, haemolysis 
Red cells 
aminotransierase, | 90 
anaerobic glycolvais congenital defects, 
456-457 
ATP levels, 462, 463 
coenzyme À, 191 
2,3-DPG concentration. 462, 463 
free protoporphyrin, 201 
funchomal aspects, 453-454 
glutathione concentration, 463 
gluiatiuonc reducrase, 190 
haemoglobin, 453, 454 
membrane composinon, 454 
metabohc pathwars, 454, 455 
anserobic glycolysis, 454 
glutathione metabolism, 454 
aucletde metabolism, 454 
pentose phosphate patway, 454 
structure, 454 
Sa-Reductase, 403 
Sa-Reductase deficiencs, 406 
diagnons, 383 
extemal genital phenotype, 376 
investigations, 390 
male pseudohermaphraditiem., 376, 383 
management, 406 
molecular genetics, 383 
viniliration at puberty, 344, 406 
Reference distnbation, 17 
Reference interval, 17 
Reference population, 17 
Reference ranges, 
food intake-related variation, 10 
intrnsic mological vanatron, 10-11 
neonate, 441 
anino acid plasma concentration, 449 
posture-related variation, 9-10 
Reference sample, 17 
Reference values, 16-17 
age-relared vanation, 8-0 
body mass-related variarion, 9 
calculation, 17 
comparison with obéerved results, 17-19 
disadvantages, 17 
posture-related variation, 10 
pregrancy-telated changes, 9 
results outwith bnmits without disease, 17 
sex-rclated variation, 9 
stress-related changes, 9 
tume-dependent changes, 9 
Reflux néphropathy, 136 
Refsum's disease, 596-597, 617 
clinical features, 596, 617 
neurolngicsl disturbance, 596 
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Refsum's disease (cord 
diagnosis, 596, 617 
hétérozygoté detecoomn, 617 
infantile form, 451, 617-618 
peroxisomal deficiencey, 617 
phytamc acid accumulanon., 617 
management, 596-597 
peroxisomal latry acid metabolism 
dvsfancrion, 617 
phytani acid a-hvdrolase assay, 617 
phytanie acid oœ-hvdroluse deficiencr, 556, 
617 
phytanic acid accumulanon, 617 
Reifenstein's syndrome, 406 
Remnant hyperipoproteinaemu, 632-633 
apo E messurement, 639 
chmacal features, 633% 
Renal 1t-hydroxylase 
phosphorus homeostasrs, 104-104 
preterm infant, 431 
Rens) lo-hydroxylese delciency 
csteomalscia/nckets, 432, $E8 
renal osrécdystrophs, 521 
Renal amine acids reubeorprion, 121, 164 
Renal artery stenosis, 40, 53 
Renal bicarbonate reabsommption, 66, 67, 164. 
165 
chronic renal fañure, 138 
non-respirators alkalosis, 77-78 
parathwroid hormone PTH), 90 
proximal convoluted tubulie, 171 
renal hydrogen ion excretion, 66, 67 
renal tubular acidosts, 74, 167 
fractional excretion of bicarbonate tést, 
F72 
respiratory acidoss, 76 
Renal biopsy. 141 
Renal blocd ox, 120 
Chronic renal failure, 135 
glomierular floranon, 120, 121 
hormonal meédiators, 143 
myogenic reflex, 143 
tubuloglormerular feedback regulation, 123 
set ae Renal plasma flow 
Renal calcrum handling, 89 
caicronin, 92 
parathsroid hormone {PTH), 90 
tubular handling assessment, 113-114 
Renal calculi, 169-171 
calctum, 160170 
cystinuris, 165 
2,8-dihydroxvadenine, 171 
eprlenuology, 164 
herediterys renal hypourcacmia, Lés 
hypercalcruna, 169-170 
idiopathic, 105 
hyperoxalunia, 169, 170 
byperuncosurns, 170 
mvestigations, 171 
pathogentss, 169 
short gut syndrome, 213 
triple phosphate, 170 
types, 169 
uric acid, 169, 170-171, 527, 536 
urine pi, 125 
xanthine, 171 
Renal cell csrcinoms, 96 
Renal clesrance, 125 
Renal cohic, 123, 160 
Renal cvchc adencsne monophosphate assav, 
G& 
Renal disease, 123-124 
clinical features, 123 


funéronal reserve of kidney, 3 
hypogivcacnua, 284 
Renal enlargement, 123 
Renal failure, acute, 129-135 
acidosis, 68-49, 74, 133, 144 
acute intravascular hsemolysis, 459 
acute liver faidure, 240 
acute tubular necrosis, 131-132 
atnphetamine tomcity, 672 
causes, 129, 130 
clasuficanon, 129 
clinical features, 129 
abetc ketoacidoss, 277 
fui cvertoad, 133, 134 
hepatorenal syndrome, 133-133 
hypercalcaentia, 133 
hyperkalsemia, 13%, 134 
hypernmagnessenus, 112, 133 
hyvperphosphataemis, 106, 133 
hyperuricaermia, 133 
hypocalkcsemis, 133 
intrinsic, 129, 131.152 
Cruses, 131 
diagnosis, 130, 131 
management, 153-135 
acwi-brasc balance, 133 
Conservative, 133-134 
CONCNUOUS FTENOVENOQUS 
haermechafiitration (CAVHD), 134 
cContauous artenovenous hacmofiltration 
(CAVH), 134 
flusd'elecrrolyte balance, 133 
hacmodialvan, 135 
infection prevention/treatment, 134 
nutriton, 133-134 
perioncal dialvsis, 134-135 
renal replacement, 134-135 
metabobc consequences, 133 
multiple myeloma, 5040 
muscle necrons, 345 
obstrucuve (postrenal}, 133 
Causes, 130, 133 
diagnosis, 132 
poisoning, 664 
ethylene grcol, 671 
Paracetamol, 666 
pôstrenal, 129 
prerenal, 129-131 
causes, 130 
diagnosis, 130 
Management, 131 
récUvery phase 
hypokalaernia, 53 
renal sodium/potassiumm loss, 32 
rbabdomyoivsis, 157 
tunveur lvsis syndrome, 109 
unie acid nepliropathy, 542 
Renal failure, acute on chronc, 129, 132 
associated factors, 132 
Renal failure, chronic, 135-142 
acrd-base metaholisnn, 134 
acidosis, non-respiratory, 74, 138 


see ho Renal tubular acidosts 
aldosterone, 364 
khdemia, 462 


trescment, 140 
arginine vasopressin (AVP), 365 
atrial natriuretic peptide (ANPS, 365 
bone disease see Renal ostecdvstrophy 
calchum metabolisns, 71, L38 
carbohydrate metaholrem, 158.130, 36% 
catécholamune plasma concentration, 365 
causes, 135 


cirrhoss, 246 
see ae Hepatorenal syndrome 
chncal fearures, 1356, 137 
corusol, 564-365 
crrogiobulinsenna, 505 
crystal smnovitis, 538 
delaved puberty, 3563, 389, 391 
chabetes mellitus see Diabetes mellirus, 
nephropathy 
dialysis, 140-142 
dyshipidaemia, 136, 365, 638 
endecrinc disturbances, 138-159, 361-365 
major abnormalhnies, 363 
mechanisms, 362 
salt'water balance, 564-365 
etvthropolenn deficiency, 364 
extracellular fluid (ECF) volume, 137 
gonadal funcruon, 139, 363 
growth hormone, 562 
GTT response, 304 
growth reterdacion, 139, 362-361 
1é-hydroxycorncosterone activity, 564 
hypertulwubinsemis, 224 
hyperkalaemua, 138 
hyperparathyroidism, 138 
hyperphosphataemia, 106, 136 
investigations, 107 
progressive ischaemic skin ulcerarion 
(calciphylaxs), 106 
soft issue calcificanion, 106 
therapoutie approach. 17 
hyperprolactinaemia, 303 
hypocalcaenua, 101 
hypoglvcaemis, 283, 289 
impaired glucose tolerance, 365 
imeulin-Lke growth factors, 362 
Hp metabolism, 138-139, 365 
thagnesium metabobhsm, 112, 138 
management, 30-143 
complications prevention, 140 
conservative, 134.140 
dietary, 159, 194 
nutritonsl support, 197 
renal replacement treatment, 140-142 
metabohic disturbances, 137-139 
multiple mveloma, 157-158, 498, 499, 50 
muscle weakness, 548 
hitrogenous waste retenton, 137 
oxaluna, primary, 170 
parathyroid hormone {PTH), 138 
assav, 90, 97-08 
pathogenens, 135-136 
phenvlialanine loading test interference, 606 
phosphate metubobsem, 104, 138 
plasma rein activiy, 564 
polvuria, 37, 40 
potassium metabohesm, 56, 138 
pregnancy, 4184 
progresmon, 134-136 
creatinine plasma CONCONmFraton agairnet 
time, 127 
protein métabolisme, 139 
renal l&-hydrolase deficiency, 518 
renal ostcodyatrophy, 138, 518 
salt-louing nephropathy, 32 
sex hormoncs, 303 
sodium oerabolion, 137, 364-365 
therapeutic drug monitoring, 643, 645, 647 
thiret, 40 
thyroid discsse diagnosis, 164 
thveoud funcuon, 139, 364 
uriemic encéphalopathy, 559 
uracmic sndrome, 139, 136-138 


Renal failure, chronic (contd) 
uraemnic toxins, 136 
testicular dysfuncuion, 363 
viammin D levels, 62, 158 
viamin suppléments, 140 
water balance, 137, 364-365 
Wilson's diseuse, 251 
see aise Renal fulure, acute on chronic 
Renal faulure, fancrronal see Hépatorenal 
syndrome 
Renal funcuon, 120-123 
acove transpont mechanisos, Lé$ 
distal comvoluted tubule, 123, 129 
diureus, 123 
endocnne funcuons, 120, 362 
glomerular filtration se Glomerular 
Blirition 
neonate, 425-428 
protem conservation mechanism, 143-146 
proumal convoluted tubule, 121-1232 
reahsorptuion, 121-123, 163, 164 
secreuon, 163 
sodium balance 
netnuretuc hormones, 26-28 
renin-angotensin-aldosterone, 26 
tubular resbsorprion, 26 
tubular physologv, 163-165 
tubular potassmum handling, 30-31 
urine formation, 1230 
Renal funcoon assessment, 124-129 
caiculacecd cresatuinine clearance, 126 
creatinine clearance, 126 
crentinune plasma concentration, 126-128 
distal vubular funcnon, 129 
glomerular Hitration rate measurement, 
125-124 
insulin chearance, 125-126 
nconate/preternm infant, 428 
plasma -microglobulin, 128 
plasma urea concentration, 128 
proumal tubular function, 138 
radiomotope techniques, 128 
total protein excretion, 147 
urinalyvsis, 124-125 
Renal glucose resbmorprion, 164 
prmaimal convoluted rubule, 121 
Éenal grcosuna, 165 
Renal hydrogen ion excrenion, 66-68, Lé4, 
165 
MINOR ÉKCréTION, 66, 64 
bicarbonate resbsorption, 66 
mineralocorticoid actions, 318 
neonaté/nreterm infant, 428 
non-respiraory acidoss compensation, 71 
resptratory acidonis, T6 
respiratory alkalosis, 79 
Renal hypokilaemic acidosis, 51-52 
causes, 51 
Renal hypokalaemic alkalosis, 53-53 
with hypertenaon, 53 
normotensive, 52-51 
Renal hypouricaemia, hereditary, 168 
Renal imimoglycinuna, familial, 167 
Renal immunoglobulin catabotism, 145 
Renal magnesrum reabsorption, 110 
Renal mase, 123 
Renal medullary interstitial cells, 120 
Renal csmaregulation, 28.20 
arginine vasopressin (AVP), 28-20 
Renal osteodystrophy, 71, 137, 521-524, 531 
actiology, 521-522 
aduminium retention, %22, 523 
toxic treatment, 524 


borné biopsy, 523 
calcium malabserption, 521 
calcium plasma concentration, 521, 523 
hyperperathyrondign suppressve 
treaument, 524 
chronic renal fulure, 138 
chaucal features, 522 
hyperparathyroidiem, 521, 523 
bone densitometry, 523 
management. 523-5274 
radiographic manifestations, 513 
invesugauons, 522-523 
nephrotic syndrome, 153-154 
parathvroid hyperglasma, 521 
phosphate intake restriction, 140 
phosphate plasma concentration, 521, 
522-521 
phosphate retennomn, 521 
renal la-hycdroxylase deficiency, 521 
renal transplant récipients, 524 
treatment, 523-524 
vitarnin D deficiency, 521 
Renal phosphate reabsorption, 103, 164-105, 
164 
calcitonn, 42 
defecrs, 167 
growth hormone, 9% 
parathyroid hormone (FTH), % 
preterm infant, 428 
proximal convoluted tubule funcuon 
assessment, L284 
renal rubular transport, 10%, 104 
defects, 167 
ToeP'GER se TmP/CrFR 
Renal plasma flow 
paminotuppurnc acid (PAH) cearance, 122 
pregnancy-associated changes, 418 
Renal potassium handling, 320 
chronic renal failure, 138 
collecting duct, 123 
distal convoluted tubule, 123 
proximal convoluted tubule reabsorption, 
121 
tenal control of output, 36-31 
aldosterone, 30-31, 318 
tubular control, 30 
secretron, 123 
Renal protein handling 
reabeorption, 144-145 
renal tubular disease, 154 
secretion, 145 
Renal socium handhny, 26 
acute renal fadure, 130, 133 
chromic renal falure, 364-363 
diabetes mellitus, 273 
non-ketotic hyperosmolar hyperglycasmic 
states, 277 
dlomerulotubular balance, 131 
loop of Henle, 122 
natrurenc hormoncs, 26-28 
neonats, 426 
préterm imfant, 426 
rcabsorpuon, 26, 123, 164 
collecung duct, 123 
distal convoluted tubule, 123 
procimal convoluted tubrule, 121, 122 
rérun-angotensin system, 26 
salt wasting congemital sdrenal hyperplasia, 
377 
Renal transplantation 
boneoint complications, 518 
cystinosis, 108 
csunurs, 166 
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gonadal funcuon, 139 
hepatorenal syndrome, 1353 
byporeninaemic hyposldosteronrem with 
hyperkalaema, 57 
montonnge, 142 
post-transplant hyperparathyroidism, 524 
hypercalcsenna, 524 
hypophasphatacnis, 524 
rejection, 142 
Nacetyl B-o-glucusaminiduse (NAG), 
156 
renal failure 
acute following, 142 
chromc, 140, 142, 362, 365, 364, 365 
renal sodium loss, 47 
thyroid function, 364 
Renal tubular acnloss, 167-164 
classification, 167 
diagnoenc tests, 171-172 
fractional exéretion of bicarbonate, 172 
urinars acidification test, 172 
hydrogen ion homenstasts, 74 
hght chain proteinuna, 154 
potassium balance, 51, 56 
urine pH, 125 
Renal tubuler scidosis type 1 (classic distal), 
74, 167, 165 
ammmonim chloride loading rest, 168 
calctum stone formation, 170 
clinical feutures, 433 
hagnosis, 172 
treatment, 168 
Renal rubuler acutosis rype 2 (proximal], 74, 
167 
bicarbonute roabsorpaon, 167 
diagnoss, 172 
Fancon: syndrome, 172 
hydrogen son secretion, 147 
osteomalactis, 520 
nckets, 432 
tubular proteimuris with bicarbonate 
wasting, 154 
Rensal tubular aculosis type 3, 167 
Renal tubular acidosts type 4 (distal wath 
hyperkalaemua), 74, 167, 
Li] 
diaberes mellutus, 273 
diagnosis, 172 
hyperkalsermia, 167, 171-175 
Renal tubular acidosis type 4 (generalized 
chstal), 167 
Renal tubular ammonmiun producuion, 66, 648 
Renal tubular disorders, 154-155, 163, 
165-1609 
drug-induced, 153 
hesvy metalkinduced, 155 
osicomalacts, phosphopenic, 519, 520 
rubular damage assesemene, 155 
high molecular weight protein markers, 
155-156 
low molecular weight protein markers, 
156 
Renal tumours, 697, 649$ 
Renal vein thromibens, 153 
Renal water resbsorption 
arginine vasopressn {AVP:, 297 
chronic renal failure, 464-345 
prerenal acute renal failure, 130 
pronuimal convoluted eubule, 121 
Renin 
age-associated changes, 321 
atnial natriuretic peptide (AXP), 27 


S44 INDEX 


Renm (com) 
basal level messurement, 321 
chronic renal failure, 364 
juxtaglomerular cell secretion, 120 
menstrual cycle, 50 
plasma actraty (FRA) 
Addison's discase (primary 
hypondrenalism), 122 
hyperkalsemua, 57-58 
posture-related vanation, 
sait wasting congenital sdrenal 
hyperplasis, 378, 3709 
scpas/trauma résponse, 357 
sodium balance, 26, 421 
Renin-angiotensin system, 316 
chronic renal fadure, 136 
kallikrein activation, 731 
néphrouc syndrome, 153 
cestrogen therapy-associated changes, 421 
pathological thiret, 40 
pre-cclampets, 35 
pregnancy, 53 
renal blood flow, 120, 122 
sodnim appetite, 28 
trauma/sepsls response, 4357 
Remn-producng numour, 33 
Reproductive function, 393-411 
female, 393-402 
male, 403—410 
hypogonadisns, 405-407 
mahgnant discase'malignant diseuse 
treatment, 102 
social stress responses, 450. 360 
Research applications, 5 
Respiratory burst, 767-768 
Respiratory quotient, 82 
calculation from indirect calormmetry, 187 
Restriction endonuclesses, 746, 762 
Resmenon fragment length polymeorpiiismn 
(RELP}, 744, 752, 762 
Huntington's disease, 157 
muscular dystrophry, 756 
Reticulocyte count, 459, 465 
Reticulecytosis 
haemolyas mvestiganion, 460 
haemolynic anaermas, 451 
red cell enzvme levels, 464 
Retmeblastonma 
genetic mechanism, 758 
RB gene, 758, 759 
RB gene muratnons, 161 
Renunol ses Vitamin À 
Retuneol-binding protein (RAF), 189 
light chain proteins, 158 
nutritional status assessment, 1K7 
tubular function assessment, 156 
Retropentoneal fbrous, 132 
Retrowirus, 762 
Reve's androme, 250, 436 
aspirin associations, 667 
hypoglycnemis, 289 
Hiver disesse, 436 
liver function tests, 250 
precipitaung factors, 436, 607 
presentation, 436 
Rhabdomyolrsis 
aminotransierases, 226 
causes, 157 
creatine kinase (CK) clevanon, 549 
hyperphosphutaenna, 166, 107 
hypocalcacrmia, 10} 
mvoglobinuris, 157 
poisning, 672, 673, 675 


acute renal fulure, 664 
Rheumatoid arthrtis (RA}, 534 
alkaline phosphatase ALP), 541 
anti- DNA antibodies, 540 
antinuciear antibocdies (ANA), 539 
surounemunc hypoglvcaemia, 292 
clinical features, 534 
C-reactive protein, 541 
étrhrocyté scdimentation rate (ESR), 540 
incidence, 534 


rheumatoid factor (RF), 539 
serum amyloid protein À (RAA), 541 
Rheumatoid facror (RF, 505, 539 
chmcal applications, 539 
wamunonssay, 579 
latex agglutination test, 539 
Rose Wauler test, 539 
sypnonial fluid analysis, 542 
Riboflavin 180 
body stores aseesament, 190 
chetary sources, 160 
funétional aspects, 180 
intestinal absorphon, 179 
urinary concentration, 190 
KRiboflavin deficiency, 180 
laboratory investigations, 180 
Rickets, 517 
childhood, 431-432 
Fancor syndrome, 169 
hypophosphatsemic se 
Hypophospharsenmc rickets 
inherited formes, 431-432 
of prematurity, 431 
presentation, 43! 
privational vitamun D deficiency. 517-518 
rénal la-hydrolase deficiency, 518 
viamun Ditenendent 
type EL, 192, 518, 516 
type Il, 518, 519 
Riedel's thyroiditss, 351-352 
choical features, 336 
RNA translation, 668, 741 
initiation site, 741 
Rose Bengal due test, 233 
Rose Wanler test, 539 
Rotor's syndrome, 232 
hyperbilrubinaemia/jaundice, 232 
porphynnurn, 479 
Rorutine tests, 1, # 
hypomagnesaemin, 112 
RLI4S6, 396 
Rubella, congenital infecuon, 423 
neonatal hyperbilirubinaenus, 434 


Salazopyrine, 534 
Salbutamol, 50, 56, 58 
Salicylare 
albumn-bound bilirubin dispiacement, 433 
hypoglycuerma, fasting, 283 
in disbetics, L#7 
with renal impairment, 289 
Reve’s syndrome, 436 
therspeurtic drug monitonne, 653-654, 6356 
Salicvlare poisoning, 660, 667408 
acnvated charcoal trestnent, 664 
clinical features, 667 
hypoglycaerma, 201 
laboratory messurements, 656, 667 
mechanisms, 667, 668 


respiratory alkalosis, 10% 
toxic dose, 667 
Salme rfssion suppression ten, 124 
Salvary smylase, 20% 
Salt wasting congenital adrenai hyperplasia sos 
Adrenal hyperplasia, congerutal 
Salt-losmg nephropathy, 32 
Sample collection, & 
Sample handling, & 
Sandhoif disease, 5%, 613 
chinmical features, 613 
CG ganglionmdevoligesaccharides 
accumulacon, 613 
heterozygote identification, 413 
hexosaminiduse @f subunit defects, 544, 613 
hexosaminidase deficiency, 613 
infantile form, 594 
molecular genetics, 594 
prenatsl diagnosis, 613 
Sanfilippo syndrome ses 
Mucopolvsacchandosts tpe IN 
Sarconxkosis 
angrotensn-converting entymé (ACE), 
541 
bone/soant mvrolvement, 538 
granukoma 1,25-dihydroxvvitamin D 
synthesis, 92 
hypercalciemis, 95, 96, 98, 538 
hyperuricaenis, 538 
hypoprtuitansm, 309 
Satiety hormones, 471 
Schiff base measurement, 774 
Schilling test, 205 
terminal ileal rescction, 712 
acbologoal aspects, 569 
cerebral atrophy'ventrceular enlargement, 
574 
cholecystokimn (CCK) neurotransimisaon., 
515 
chnicel disgnosrs, 569 
CSF homovanillic acid, 574 
CSF S-hydroxyvindoleacetic acid ($5-HIAA), 
374 
dopaminerngic svstems, 574-575 
dopamine receptors, 575 
temporal lobe, 57% 
endocrine sbnormalities, 169 
CrABA neurotranemission, 575 
growth hormone (GH} secrenion, 579 
plasma homovanillic acid, 574 
posmontem biochemical studies, 574-475 
serotonergic (5-HT) systems, 576 
site of cerebral abnormality, #74, 575 
Schwangerschafiaprotein À (SP1), 414 
Scleroderma, 211, 534, 540 
Scherosing cholangts, primary, 243-249 
Screenung, 4-5 
mhvatuul, 5 
low prevalence conditions, 4 
populatiots, 4 
prechctive value Gf positive result, 4 
sélective, 4-5 
strategies, 4 
test cut-off values, 18-19 
Scurvy see Vitamin € deficiency 
Seasonal variation, 9 
Seckel syndrome, 377 
Secrenin, 92, 208 
Secretin-cholecystokinin test, 214-215 
Secretin-pancrecmvmmun test, 212 
Secretory I£A, 146 


serures, 547-590 
alcohol withdrawal, 585 
uraemic encephalopathy, 589 
Selective screening, 4-5 
Selenium, 181 
body stores assessment, 191 
cancer protecuve effect, 194 
dietary sources, 183 
functional aspects, 183, 333, 771 
tomaty (selenoss), 183, 191 
Selenium deficiency, 183 
laboratory invesogañons, 161 
parentéral nuurition 1 néonatc/preteren 
infant, 437 
Sclenium-contaimng enxvmes, 3334, 771 
Sella eurcica (piruitary fossa), 295 
Semen analvais, 400, 40344 
Senainivity, à, 15 
calculation, 21, 22 
definition, 20 
in pracocal situations, 22 
recciver opcrating characterisnic (ROC) 
curves, 22, 23 
Sepais 
acute mtrinsic renal failure, 131 
acute phase response se Acute phase 
response 
adrenoconical hormones, 356-357 
arginine vasopressin (AVP), 357 
cytokanes, 356, 357-359 
endocrine response, 555-3459 
growth hormone, 357 
hepanc acute phase proteins synthesis, 358, 


339 
hypogivcaemis, 289, 202 
immune-neurocndocrine system regulatory 
loops, 360 


mmeédistors activanng hypothalamus, 356 
meétabohc response 1e Merabokic response 
Le injury 
proteinuris, 159 
renun-angiotensin system, 357 
respiratory alkaloais, 108 
sympathoadrenal system responses, 356 
Septic shock 
#cute phase response, 734 
chenical mechanisms, 735 
lipopolysacchanide (LPS), 734, 745 
Septo-optic dysplusis, 309 
Seroncgative spondyloarthritides, 534-535 
Serotonim (5-HT3, 729 
acuans, 729 
carcinoid rumour bissymthests, 661,605, 739 
mental iness pathophysiology, 574, 579 
oxidative deamination in plasma, 681 
prolacun secretion, 579 
tetahydrobioptenn (BH) deficiency, 605 
tryptophan tn buosynthests, 680-681 
Serotonin {5-HT) neurotransmisson, 575 
alochohsm, 576 
Alsheimer's disease, 543 
anxiety disorders, 576-577 
depression, 576, 578, 579 
Dovn's syndrome, 603 
hthuum therapy effects, 579 
obsessive compulsive disorders, 576 
psvchiatmic disorders, 574, 575-576, 579 
schisophrenma, 576 
Serotonin {5-HT) receptors, 575-576 
somoivtic drug actions, 576 
psvchiane disorders pathogeneus, 576 
tryptophan-nduced prolactin secretnon, 
579 


Serotonin (5-HT) reuptake inhibitors, 576 
obsessive compulsive disorders, 576 
Serroli cells, 403 
age-astociated effects, 373 
androgen-binding protein (CARE secretion, 
403 
FSH effects, 403 
inluibin secretion, 403 
Müllerian inhibition factor (MIF) 
secruon, 375, 403 
Sertoh only syndrome, 404 
Sertraline poisoning, 675 
Serum amsloid protein À (SAA), 541 
Sex chromosome abnonmalties, 481 
Sex hormone-binding globulin (SHBG) 
chronic slcoholisn, 466 
cirrhous, 247-2348 
Harsurisen, 401, 403 
cestradiol binding, 247 
oéstrogen therapy-associated changes, 420 
OCIIrOBCNS [ITENSPON, 3958 
pregnancy-assccihated changes, 418 
mremature thelarche, 388 
testosterone binding, 247 
female metsbolisem, 499 
Sex hormones 
chronic renal failure, 563 
ciutrhosis, 247-249 
diaberes mellirus, 266 
céteoporosis, 515 
sepsistrauma resnonse, 357 
Sexual development shnormalities, 375-391 
delayed puberty, 388-390 
intersex, 375-385 
investigations, 390-301 
précocious puberty, 387-3584 
Sexual differentiation, 375-376 
female, 376 
male, 475-376, 306 
sex chromosome abnormahines, 381 
Sexual dysfunction 
androgen deficiency, 405 
chronic alcoholism, 366-367 
chronic renal failure, 363 
Cirrharste, 247 
gonadotrophin deficiency, 302 
hyperprolsctineemia, 304 
hypothyroidism, 348 
prolacun-secreting piiuitary tumour, 684 
protecols for endocnne investigations, 
410-411 
Shechan's syndrome, 309 
Shigella diarrhoca, 213 
Shock 
cure renal failure, 131 
aspartate amanotransierase CAS T), 226 
chinical mechanisms, 734-735 
cbbh phase metaholic response, 718 
lactic actdoss, 73 
renal dysfunction, 124 
tutnour necrosis factor (TNF\, 724 
lee alro Septic 4hock 
Short bowel syndrome, 74, 213 
Short cham acvi Con dehvdrogenase (SCAIT 
deficrency, 446 
Short srature 
associated diseases, 109 
causes, 434 
chrotuic renal failure, 362 
constitution! delay of growth and puberty, 
319 
delayed puberty, 388, 349, 391 
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growth hormone déficiency, 309 
Wivestigations, 438-436 
Turner's syndrome, 580 
Shy-Drager syndrome, 427 
Sick cell syndrome, 47 
Sick euthyroid syndrome, 435, 353, 357 
Sickle ceil anaemua, 453, 483, 487-460, 745 
B' mutation detection, 750 
clinical features, 453, 488-480 
bonc'ioint involvement, 538 
chronic organ damage, 489 
hyperkalacmua, 57 
inanagement, 448, 489 
renal tubular dysfunction, 57 
respiratocy alikalosis, 79 
compound heterozvgous states, 488 
haemocytometry, 459, 465 
HbS, 458 
heterorygous advantage with malaria, 488 
homozvgous state (HbSS), 488 
laboratory diagnosis, 491 
molecular basis, 487-488 
neonatal screening, 401 
preurnococcul sepsis, 484-489 
red cell changes, 488 
Sickle cell L° thalassaemis, 488 
Sickle cell B° thalassaconia, 488 
Sickle cell haemoglobin C disease, 468 
Single gene defects, 143, 744 
Singlet oxygen, 766 
Sip feeds, 195, 196 
Sipple syndrome see Multiple endocrine 
nooplasia 2 (MEN 2) 
Sitting position, 9, 10 
Sjdgren's syndrome, 534 
Skinfold thuciness, 186-187 
Sm antibody, 540 
Small bowel disease, 3, 211 
Small bowel fistula, 212 
Small bowel radiology, 211 
Small bowel resection, 213 
malabsorption, 211 
Sroail bowel staus, 212 
Small cell carcinoma of lang 
ACTH production, 406, 690 
argiune vaopresun CAVP) socrenion, SN, 
AD 
chronic dilutiosal hyponarraemin, 46 
syndrome cf Mappropriate antidiuretic 
hormone, 696 
bombesin sécretion, 69% 
insulin secretion, 644 
neuron-specihc enolase secretion, 695, 715 
peripheral neuropathy, 700 
tumour markers, 114-715 
Small for dates (SFIM mfants, 423 
causes, 423 
drug abuse, 474 
intréuterine imfecoon, 423 
postnatal investigations, 424.424 
Smoking 
bone mineral density (BMD), 515 
ischaemic heart disease association, 193, 
621 
selective hypercholeserolasmia screening, 5 
vitamun C requirement, 181 
Smooth muscle antibody (SMA), 242 
Snake bite antidotes, 664 
Sodium, 25-60 
arguune vasopressn (AVP) regulauon., 28 
body content, 26 
diabetes mellitus, 273 
neonate, 426 
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Sodium (cord) 
body fluid distribution, 25 
comparison of results with reference limits, 
18 
disorders of metaholison, 31-49 
extracellular Guid SEC), 26-28 
minecrakcorticoid actions, 318 
osmolalinytonicies of body fluids, 24 
renal failure 
acute, 133 
Chromc, 137 
renal inetabolisnn sex Renal sodium handling 
urine concentraton, 26 
sochuim bicarbonate imfusion se Bikarbonste 
insert 
Séchium bicarbonate mgesthon ses Bicarbonate 
Ingestion 
Sodiurn chlorate posonng, 676 
Sodium deficiency, 51-34 
Causes, 31-33 
extrarenal sodium loss, 31-32 
pomary renal sodiurn loss, 32 
secondary renal sodium less, 42-33 
chrucal aspects, 31 
estimation of defion, 39 
extracellular flusd ÉÉCF) volume reduction, 
51 
fhwd répiacement, 34 
laborators investigations, 33 
managernent, 73-74 
see als Hyponatracens 
Sodium exceswretentnon, 34-37 
ascites, 244 
CAUSCE, 54 34 
chronic renal failure, 136 
clinucal aspects, 34 
habetes mellitus, 273 
heparorenal syndrome, 246 
laboratory invesugauons, 30-37 
management, 37 
inenstrual cycle, 36 
nephrotic sendrome, 153 
in pregnancy, 39-36 
wub ocdema, 54-36, 153 
wichout cederns, 36 
se bo Hypermatraemns 
Secdusen hydrogen phosphate, 106 
Sodium intake, 26 
chrome renal failure, 146, 140 
hypertension association, 143 
renan/aldosterone basal level, 321 
sodium appetite, 28 
Sodium londing 
acute, 36 
long-term loading test, 324 
Sodium nitrate poisoning, 676 
Sochum monte, 676 
Socduen plauma concentration, 26 
acute brain syndromes, 570 
acute renal failure, 133 
Addison's discase (primary 
bypondrenalism}, 523 
asciies treatment monitonng, 245 
mineralconticoid excess, 320 
muscle disease, 548 
polyurs, 40 
renal transplant monitormg, 142 
sodium deficiency, 33 
se aan Hypérnatraenua; Hyponatraemin 
Sodium polvsivrenc sulphonate 
(Kesomium À), 51 
Sodium pumps Na’, K'-ATPase), 25 
Sodium replacement therapy, 37, 133 


Sodium thiosulphate antidote, 676 
Sodium valproate, 471 
neonatal hyperammonsemu, 448 
phenytoin interaction. 649 
Reve's ssndrome, 436 
therapeunc drug monitonng, 654 
Soft tissue calcifcanen, 106 
Solvents abuse see Volatilke substance abuse 
Somatic cells, 762 
Somatomedins se Insulin-Hke growth factors 
(IGFs) 
Sornatostatin 
Alheimer's disense, 584 
ænwwth hormonc régulation, 297, 438 
Somatostann analogues, 682, 683, 684 
Somatostalin suppression test, 288 
Somatonatinoms, 270 
SOON phenomenon, 275 
Southern bloting, 747, 762 
Specificiy, 2, 12, 15 
calculation, 21, 22 
definition, 30 
in practical situanons, 22 
récomver operating characteristic (RO) 
CUFVCS, ï + 23 
Speciumen container lsbelling. 8 
Srecimen recepriowhandine protocols, 8 
Sperm count, 404 
srenm motlity classification, 404 
Spermatogeness, 403 
assessment, 403-404 
FSH sbnormalities, 404 
ESH 10 control, 267 
inale hypogonadien, 405 
Spermmdine excrenon, mahgnant disense, 654 
Spermane cxcrethon, malighant discase, 644 
Spherocytosis, hereditary, 456, 465 
haemocytometry, 499 
neonatal hyperbilirubinsemiahaundice. 331, 
433 
red cell fragility, 461, 465 
red cell morphology, 459 
Sphungolipidoses, 254 
Sphingomryelnaise assay, 614 
Sphingomyelinase deficiency, &14 
Spanal cord disorders, 394-595 
Spinal cord subacute combined degeneranon, 
544 
Spironolscione, 37, 50, 56, 74, 164, 246, 
325 
creatitune plasma concentration assay 
interference, 136 
Spleen 
tihrubin metabolism, 2233 
red cell destruction, 456 
Splenecromy, 456 
Squamous cell carcinoma-assoctisted antigen, 
415 
Standard bicarbonate, 60 
Standards of perlormance, 12-13 
analyucal gouis, 13 
Sraphyiococenus aureus, toxic shock smdronme, 
249 
Starch 
dhetary, 174, 205 
enrvmenc digestion, 20 
intestinal absorption efficiency, 206 
Starting forces, 26 
Starvation, 567-369 
acute intermittent porphyria (AÏIP}: acute 
attack, 470, 471 
energy metabolism, 281 
fut metabolism, 168 


glucose metabolism, 281, 147-366 
glucose transporter expression, 259 
hormonal influences, 368-469 
brpoglycuemis, 292 
keronesketosrs, 364 
néonate/pretern infant, 436 
protein métabolsm, 368 
Stestorrhoca, 200, 209, 211 
Stercobilin, 224 
Steroid card, 327 
Stermd replacement therapy, 326-327 
Addison's disease, 321 
Luxhuing s disease, post-rreacment, 306 
dosage with inrtercurrent 1llness, 327 
hipopitutansm, 311 
insulin stress test, 298-269 
myxoederma coms, 150 
patient education, 326-427 
PiQuMtAry sUrErT, peñoperative, 301, 302 
stressful illness, 249 
trauma/sepas response failure, 356 
Stéroid sulphatase deficiencr, 389 
Sterols, dictary energy source, 17% 
Streak gonads, 389 
Streptococcal mfection 
g'omeralonephrins, 147, 152 
néonatal respirators distress, 424 
Sirepraceeces meuidnx, 164 
Sueprororocin, 289, 6K3, ch4 
Stress, 9 
ACTH sæcrenon, 297 
sdrenal cortical response, 360 
assessment, 298-200 
cortisol levels, 247, 319 
habetes mellitus glvcnemic control, 274 
growth hormone secretson, 297 
hyperprolactinaemis, 503 
hypothalamic amencrrhoes, 310 
mctabolic response see Metabolic response 
te injury 
phyucal damage-associsared, 718-719 
pitustary hormone plasma assay, 208 
prolactin secrenon, 297 
peschologicui, 719 
response with chronic renal failure, 139 
social, 360 
fear'anmets, 361 
neuroendocrine response, 159-361 
reproductive function, 459-360 
steroid replacement, 299 
Srontium absorpoon test, 94, 111 
Subacure bactenal endocarditis, 147 
Subuvcute scherosing panencenhaliris (SSPE), 
56% 
Subarachnoid haemorrhage 
cérebrospinal fluid (CSF, 566 
bilirubin (xanthochromia), 558, 565 
cell count, 558, 565 
exvhaemogiobin, 554, 565 
memenanon, 565 
CT scan, 563 
Subhdural empyema, 563 
Subscapular skimfold thickness, 186 
Substance abuse, 672-6734 
diagnosis, 661 
Substance PF, 726, 730 
acuons, 7 30 
Succinic dehydrogenase (SDH) 
Succinyl acetoacetate/succmylacetone, 
unnary. 254 
Sucrase-ssomalrase, 206 


Sucrase-isomaltase deficiency, hereditars, 206 
Sucrose, 205 
Sudden infant death CSIDN, fatty acid 
metabolism inborn errors, 447, 593 
Sugars 
dental caries, 174, 194 
dietarv, 174, 205% 
high intake, 175 
encrey metabolism, 174 
Suicidal behaviour, 578 
Suicidtal drug overdose, 660 
Sulphasalisine, 203 
Sulphanidoses see Merachromatic 
leukodvstrophy 
Sulphure oxidase deficiency, 450 
with santhine oxidase deficiency, 171 
Sulphonamices 
drug-induced acute porphwyria, 479 
hypoglycacmia, 291 
Sulphonviuress 
contraindications with liver disesse, 248 
hypoglycaemia, 283, 291 
alcohol consumption, 252 
dishetics, 287 
neonate, 291 
renal impairment, 249, 241 
inadvertent intake, 288 
iisulin release response, 260 
overdose, 291 
self-administration we Factitious 
avndrome of inappropriste antidiuretic 
hormone secretion CSLADH}, 273 
Sulphur-contanmg amino acids metabolism, 
609 


Superovulation treatment, 401 
Superoxide, 76 
sdrenaline metabolism in formation, 768 
athéresclerosis pathogenests, 774 
chemical reacnivity, 767 
DNA base adduct formation, 775 
lcakage from mitochondrial electron 
transport chain, 768 
nieric oxide reaction, 768 
respiratory burst, 768 
supéroxide dismutase in removal, 771 
transition metal catalysed hvdroxyl radicals 
production, 767 
xanmthine oxidase catalysed generation, 7648 
Supcroside dismutase, 771 
assay, 776 
frée radicals scavenging, 770 
Suppressor genes, 738, 763 
function, 739 
mutations, 758 
reduction to homMorzygosity in tumours, 
158-759 
Supraihsc skinfold thickness, 186 
Surgery, 10 
preoperatve nutntiomal support, 196 
protcimuria, 159 
vitamin € requirement, 141 
Swan-Cranx catheter placement, 133 
Sweat 
calcrum. 89 
magnesunm, k 10 
phosphate, 103 
potassium, 51 
Sweat test, cyatic fbrosts, 440-441 
Synacthen test, 519-320 
ACTH isolated deficieney, 310 
ACT H-adrenal axis assessment, 299 
post-pinuitary surgery, 302 


Addison's disease fprimary 
hyposdrenalism}, 321 
adrenal function tests, 428, 32% 
congenital sdrenal hyperplasia, 390 
cortisol secretion assessment, 320 
chronic renal falure, 363 
Cushing's disésse, post-treatment 
monitoring, 308 
hyponatracmis, chronic dilutional, 48 
long test, 310, 320, 329 
protocol, 329 
pituitary function assesement, 320 
short tent, 299, 320, 321, 328 
indicatons, 712 
prnocol, 3123, 428 
Synarthroses, 543 
Syndrome of inappropriate ADH secretion 
FSIADH) 
AVP-secreung rumour, 690, 69% 
chmical features, 666 
diagnostic criteria, 47 
hyponatraemis, 46-47, S$89- 590 
ILA/1L6 responses, 357 
neurological causes, 589 
porphyrias, acute attacks, 479 
sulphonyiureas associanon, 273 
Syndrome X see Hyperinsulinaemna syndrome 
Syrnovial fluid, 534 
Synovial fluid analvsis, 541-542 
light microscopy, 541-542 
naked eye appenrancé, 541 
Synovial joints, 533-534 
Svphils, congerutal, 434 
Systemic lupus erythematosus 
anti-DNA antibodies, 540 
antnuciear antibodies (ANA), 539, 540 
articular disease, 534 
autéimmranc hypogiveaemis, 292 
C-reactive protein, 541 
cridemiclogy, 534 
glomerulonephous, 148 
focal and segmental, 152 
membranous, 150 
hyperkalserme, 57 
LE cell test, 340 
organ involvement, 534 
porphytia Curanes tarda association, 477 
renal tubulsr dysfhumction, 57 
Sm antibody, 540 
treatment, 534 


T cell leukaernia-ymphoma, acute (HTLY I 
associated disease), 9% 
Tamm-Horsall glrcoproteus, 145 
funcuonal aspects, 145 
multiplié mvéloma, 158 
renal tubular secretion, 145 
urinary sediment/casts, 125 
Tamoxten, 398, 702 
Tanger disease (HDL, deficiency) 598 
chirucal features 598, 435 
HDL metabolism 63% 
Tartrate-resistant acid phosphatase 409, 413 
Tau protein 
Alzheimer’ s disease, 580-581] 
cerchrospinal fluid (CSE, 560 
Tay-Sachs disease, 593, 612, 745 
choical feanures, 613 
Gin ganghiosides accumulation, 613 
héterarpgote identification, 613 
hexA @ subumit defect, 593, 613 
hexosaminidase deficiency, 593, 613 
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infantile form, 5944 
molecular genetics, 593 
prenatal diagnosis, 5, 613 
Ts scan, enoid status evaluation, 537 
FeTc-DTPA renal scan 
acute intrineic tenal failure, 131 
with GFR measurement, 128 
TCDD-nduced porphyria cutanes tarda, 476 
Telephone reporte, 14 
Tetmporal lobe epilepss, 302 
Teratoms, alphafetoprotein (AFP; tumour 
raarker, 746-707 
Terminal ileal résection, 2123 
Test request, 7 
Test request form, 7, & 
computer systems, $ 
Testes, 402-407 
androgen production, 403-403 
development, 37% 
FSH effects, 405 
functional assessment, 403-405 
endocrine evaluation, 404-405 
Levdig cell fanchon, 405 
semen analysis, 407-404 
hvpothalamme-piuen fecdhback 
mechanisms, 403, 494 
Môllenan mhibition factor (MF) 
production, 413 
spermatogenceis, 40 
Testicular cancer 
pernpheral neuropathy, 700 
tumour markcra, 3, 694, GS, 707 
Testicular failure, primary, 404, 405-406 
anorchis, 406 
ophuin levels, 405 
Klinefeiter's syndrome, 40$-406 
treatment, 407 
Testicular fernimiéation sée Androgen 
IMÉENSLEVILY sphdrornie 
Testosterone, 247 
sggressrve behaviour, 359 
alourmun binding, 247 
androgen insensitiuny sndrome, 383 
anorchia (vanishing testis syndrome), 389, 
40 
basai hormone mvestigations, 298 
basal mitnitary function test, 311 
mological actions, 403 
biosynthesis, 383, 463 
enzymes, 402 
from adrensl sandrogens, 318 
calaunbone metabolism, 95 
chronic renal failure, 139, 363 
Circadian rhythm, 403 
cirrhosts, 247-7248 
cocliac disease, 367 
congenital adrenal hyperplasta, 379, 402 
dibhvdrorestosterons (DAT) bioswnihesis, 
382, 403 
chb phase of trauma response, 357 
female metabolism, 338, 399 
cvanan mosynthetic parhwuys, 307 
sex hormone-binding globulin (SHEBG) 
transport, 390 
fetal genital structures development, 376, 
396% 
fetal restes secretion, 375, 576, 396, 
402-403 
gonadotrophin deficiency treatment, 310 
hair growth effects, 401 
hCG stimulation test, 390 
bypogonadismm, 405, 406 
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Testosterone [cor 
Levchg cells production, 267, 390, 462, 
AE, 405 
LH control of secretion, 297 
inale sexual differentiation, 396, 402 
metabolism, 247 
Sromatration, 382 
Sa reducuon, 247 
neonatal levels, 381, 40% 
cestradiol besmthess, 382 
véstradiol ratio, gynaccomastia in puberty, 
TS 
post-prtuitars surgery, 302 
pregnancv-asmriated changes, 418 


puberty, 386 
Fa-reductase deficiency, 406 
regulation, 247 


sex hormonetunding globuln (SHRG}, 347 

social stress responses, 359 

target organ gene activation, 40% 

restes endocrine evaluation, 404 
TFestosteronc biosvnthenis defects, 382 

investigations, 390 

primary hypogonadio., 359, 406 
Testosterone deficiency 

énorchin, 40 

isolated LH deficiéney (féralé cunoch 

syndrome), 407 

Kallman’s syndrome, 407 

Klinefelter's syndrome, 406 

male hypogonadien, 405 
Tentcsreronc replacement therapy 

hypogonadotrophic hypogonadism, 407 

bypopituitarsem, 311 

primary testiculer failure, 407 
Testosterone resistance, 3#3. 384 


fermmmzing tests syndrome, 406 
Testotokionss, fanmhial, precocious pubertr, 
387, 188 


Tetany, 78, 99 
Tetrahydrobioperin (BH,) deficiency, 605 
Tetrahydrofolate (retrahydropterovl glatamie 
acid), 202, 203 
Thalasssenna, 483, 444, 485-487, 745 
bilirubin formation, 223 
chinical features, 464 
combined pituitarvitesticular dysfunction, 
405 


globtun gene output, 484, 483 
haemocytometry, 459 
haemogiobin E, 489 
laboratory diagnosis, 490-491 
red cell fragility, 461 
red cell indices, 445, 490 

à Thalassaemin, 485-486 
a globun gene delenions, 485 
geograpihucal distnbunon, 485 
hsemogiobin analysis, 491 
Hb Portland, 486: 
HbH disease, 486 
HBS disease expression, 448 
hydrops fetals/tibh Bars, 485-4H6 
molecular basis, 485, 486 

B Thalasseemis, 485, 486-487 
5° thalassaemua, 487, 491 
Ê" thalassaemun, 487, 491 
BG globin gene mutations, 486 
chmcal heterogenents, 487 
gene therapy, 760 
gcographucal distnbhution, 486 
hsemoglohin analysis, 491 
haemoglotin E compound heterozygotes, 
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HBS compound heterozygotes, 488 
héterozvgous srate, 487 
homozrvgous state (D thalassaenna major), 
486 
climical features, 486 
treutment, 486-487 
interimedia, 487 
prénatal diagnosss, 491 
red tell indices, 490 
Thallum poisomng, 670 
Thelarche, premature isolated, 388 
Theophylline 
active metabolite (caffeine) monitoring, 644 
dpnoes of premiaturity, 425 
hépanc catabolism, 426 
crendose in neomate, 660 
pharmacokinetics, 641, 642 
posoning, 674 
chucal festures, 674 
chrinstion techniques, 665 
Management, 674 
préterm infant 
fluid'electrolste balance, 427 
hiver metaboliam, 425, 426 
therapeutié drug monitonnge, 654 
indicanons, 654 
neonate, 643, 644, 654, 656 
quality control, 657 
Therapeutic diers, 194 
Thertpeutic drug monitoring, #4, 641-658 
aminoglyconude antibiotice, 643, 645, 649, 
656 
amisdarone, 045, 649-650 
applications, 643 
astays, 646 
baseline establishment, 646-647 
caffeine in neonate, 644, 654, 656 
carbamazepine, 650, 457 
case reporting, 0574658 
chloramphenicol, 650 
chnical audir, 657 
comphance monitoring, 643-644, 648 
rnetatroine level measurement, 648 
continuous éducation, 657 
cyclosponn, 142, 255, 643, 645, 650 
digoxin, 645, 645, 650-651, 656, 657 
dosage adjustment, 647-648 
calculauons for steady state, 658 
losding dose, 647 
Maintenance dose, 47 
drug interscrions, 645, 647 
frec drug assuys, 648-649 
inéflecnve therages, 644 
lithium, 370, 647, 651 
methocrenate. 647, 651-652, 656, 657 
morphine, 652 
pemllamine, 252 
pharmacokmetics, 641-643 
phenobartione, 643, 652-653 
phenyioin, 643, 645, 646, 654, 656 
procainannide, 653 
qualite control, 656-657 
quiudine, 65 
sulicylate, 653-654, 656 
Pisoning, 607 
sémpling procedure, 043, 645-646 
service organteation, 645-656 
analytic staff, 6055 
mtérpreteton of tests, 655 
near-patiént testing, 05%-650 
precheckhing of requests, 655, 656 
rEporting, 936 
request form, 655 


routine analyses, b50 
turnaround time, 655 
urgent analyses, 656 
hecphyrlline, 654 
neonate, 643, 64, 654, 656 
tooucnty detécoonprevention, b4t645, 647 
valproate, 654 
Thiamun see Vitamin B, 
Thiamin pyrophoephate STPP), thiamin 
status assessment, 190 
Thiuridé diureuics, 41 
dlucuse tolerance effect, 270 
hypokalsernic alkalosis, 52 
osteoporosis, 517 
renal calcium resbsorption, 89 
Puopentone, 664, 675 
"Fharst, 29 
chronic renal failure, 137 
compuluve wacct drmking, 40 
dhabetes insiniclus, 37, 38 
ercessive/pathiologcni, 40 
ses die Polvdipers 
non-osmonc control, 24 
csmorcguletion, 2% 
pregnancy, 38 
water deficiency with hypernatraemia. 42 
“Thromboembolx disorder, 153, 500 
Thrombholvtic therapy, myocardial infarction, 
780, 783 
Thrommbospoadin, 509 
Thromboxanc À, 
actions, 625, 727-728 
brosynthess, 623 
aspinn cflects, 624 
domerular firration regulation, 121 
mretabolisen, 727 
renal blocd flow, 143 
Thromboxanes, 623, 726 
biosynthesis, 726 
csental fau acid precursors, 75 
nomenclature, 227 
structure, 623, 727 
Myasthenmia gravis association, 706 
pure red cell aplasia, 697 
Thymus, endocrine effects, 373 
Thyroglobulin, 33] 
rodination, 332 
thyroïd carcinoma tumour marker, 
352-353, 715 
thvroid-stimulating hormone (TSH) 
regulation, 434 
Thvyroglobulin autoantihodies, 340 
prumars mvacedenne, 349 
Thyroglossal cysrs, 336 
Fhyroid sutoantibodies, 319-341 
<ve antigen antibodies, 340-341 
Hashumote’s thyrosditis, 351 
hthium treatment association, 350, 370 
postparrum period, 352 
primary myxoedema, 349 
thyroglobulin, 340, 349 
vrmd hormones, 538, 341 
thvroid peroxidase, 540, 349 
TSH receptor, 340 
Thyrond carcinoma 
clinical features, 336 
rumour markers, 715 
Thyroid eniss/srorm, 342 
Thyroid dusfuncuon, 331-354 
bee disbetes, 275 
chronic renal failure, 139, 364 
depression association, 370, 573 





Thvroid desfuncuon (cms 

drug-associated, 341 

impotence, AÛE 

screening, 353-354 

Thyroid enzyme defects, 349, 350 

Thyroid function tests, 334-135, 337-339 

& subuni sssars, 539 

age-assocated cfects, 334 

amphetanmine abuse, 572 

chronic renal failure, 335, 364 
Cconcommitant thvroid disease, 364 

De Quervain's thyroidins, 351 

depression, urupolar/bipolar, 573 

free T3, 497-358, 3434, 5H 

free T4, 337-3438, 541, 544, 349 

Hashumoto's thvroiditrs, 351 

hyperthyrodiern, 343 
iodine-induced, 346 

hyponatraera, chronic dilutional, 4% 

bypubhyroudism, 348-349 
congenital, 749, 439-440 
neonatal screenmg, 436.440 
secondary, 350 

interferiog substances/drugs, 341 

interferon therapy, 241 

interpretation of resules, 353, 354 

hthram thérapy, 370 

liver discasc, 366 

neonatal hyperbilirubinsemia, 454 

non-thvroid tllness, 335 

oral contraceptive pill use, 421 

céteoporosis, 315 

perchlorate discharge test, 349 

pituntars-thyrond aus assessment, 298 

post-pirutmey surgery, 302 

pregnancv, 334-335, 418 

psvehuatnc disorders, 572 

thvroid hormone resistance, 353 

thyraid-snimulanng hormone { TSH), 

338-339 

thyrotenmcous factitis, 346 

thvyromme-banding globulin, 336 

total T3, 337 

total T4, 337 

tosic mulunodular goitre, 345 

toxic Chyroid aderocs, T46 

TRH teur, 339 

TSH measurement, 343, 349 

TSH-secreung pituitars adenoma, 346 

Thyrmd gland 

anatomy, 391 

hormone production, 331-333 

hormone storage, 333 

iodide pump, 331 

iodine metaholiam, 331-332 
Wolff-Chaikoff effect, 332 

negative feedback control procesess, 

333-354 

normal phrssiogv, 531-334 

radionuchide imaging, 331 

thyrogiobolin metabolism, 331, 332 

TSH receptors, 533-334 


Thvroid hormone descdinases, 333 
Thvroid hormone replacement therapy. 


350--3%1 
free T4 monitonng, 351 
hypothyroidisam. 347 
myrordemas coma, 350 
post thyronl neoplasia trestment, 352 
TSH levels, 338, 381 
Thyroid hormone resistance, 353 
TKH test, 339 


Thvroid hormones 
autoantibodies, 338, 341 
basal hormone investigations, 208 
biological actions, 333, 335-336 
calcunvhone metabolism, 95 
cataboliam, 333 
éctopic secretion, F47 
free hormone level measurement, 333 
ver metabolism, 366 
posture-related vanation, 10 
regulation, 533-354 
sepaistrauma response, 357 
starvation, 308 
transport in blood, 532-333 
unnary losses, nephrotic syndrome, 154 
Thyroid neoplasis, 352-353 
diagnosis, 372 
treatment, 352 
tumeur markers, 387-357 
Thyroid nodules 
in vieu tests, 337 
ultrascuncd imaging, 336 
Thyroid peromidase, 331, 332 
autoantibodies, 340, 349 
Thyroid scintisenn, 345, 546, 349 
bypothyrndisem, neonatal screening, 349 
thyrord neoplaus, 352 
Thyrond status evaluation, 336-341 
biopsy, 336 
dinical evaluation, 336, 342, 347 
imaging, 336 
in vatre tests see Thyroid function tests 
du etoo tests, 336-337 
isotope uptake studies, 337 
perchiorate discharge veste, 337 
scinpscannng, 337 
Thyrosi ultrasound, 345 
Thyroid-stimulating hormone (TSH) 
& subunit assavs, 339 
actions on thvroid gland, 332 
affective duorders, 570 
anterior pituitary secretion, 206 
basal pituitary function test, 311 
chronic renal failure, 139, 364 
Croachan rhythm, 9, 297, 5%4 
congenital hypothyermdian screening, 440 
feralneonatal irvels, 354 
folhcular cell receptor, 333-334 
bthuum therapy, 370 
neonste, 439 
pon-thyroid iliness, 33% 
récovers, 338, 339 
pruitarv-thyroid axis assessment, 295 
pregnancy, 134 
schizophrenis, 369 
darvaton, 338 
thvroid function disorders, 3354 
thvroid funchon test, 298, 338-339 
thvroid bormone feedback suppression, 344 
thyroid hormone secretion control, 297, 
333-334 
TRH contrel of secreton, 297 
TRH teur, 139 
Thyroid-sumulating hormone (TSH) assay 
Hastumoto's thyroideus, 351 
heperhyroiden, 443% 
treatment réponse montonng, 343 
hypothsroidism, 549 
congenuital, 349 
nconatal screening, 349 
primary myxocdema, 549 
secondary, 350 
imterpretation of results, 344, 354 
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liver disease, 366 
thyroid disease screening, 353 
chvectd hormonc replacement cheragy 
mositonng, 351 
TSH-secreting pitutary adenoma, 346 
Thyroid-stimulatng hormone (TSH; 
deficwency 
chmical assessment, 302 
congenital hypopituitarism, 381 
hypethyroidism, 304 
olated, 311 
post-pinutarr irradiaron, 302 
progression of hypopiruitarions, 298 
Thyroid-stimulating hormone (TSH) recenter 
autoantibodies, 340 
Crraves disease, 345 
ponars myxocdents, 340 
transient neonatal Hypothyroidism, 350 
Thyroid-eumulating bormonc (TSH: 
secreting pituitary adenoma, 508 
« subunit assavs, 546 
differential diagnosis, 3084 
hyperthyroidism, 546 
thyroid function tests, 346 
treatment, 308, 346 
TRH test, 339 
Thymnidectomy preparation, 332, 345 
Thvrmdits, 351-352 
hsperthyroidiem, 351 
bypothyroidism, 351 
thyroid disease screening following, 354 
anxiety state, 570, 471-472 
apathetic, 342 
caicum'hone metabolism, 93 
depression, 572 
diabetes mélhious association, 271 
élucose intolerance, 269 
hypercalcserua, 43 
hypokalsemic periodic paralysis, 50 
McCune-Albright syndrome, 387 
phosphate (TPGER) élevarion, 105 
polyostotic fibrous dyspiasua, 531 
scvére non-thyroid lilness, 335 
hyrord crisis in pregnancy, 335 
thyroid function tests 
chyroid-sumulating hormone (TSH, 
338, 330 
total T3, 337 
TSH-wcreting pituitary sdenoma, 308 
Thyrotomecsis facutis, 146-3447 
Thyrotrophun-releasing hormone (TRH), 334 
combined pinaitary funcrion test, 300 
TSH secrenion control, 297 
Thyrotrophin-releasing hormone {TRH) test, 
339 


acrormegalv, 305 
Thyroume (T4) 
basal pituitary function test, #11 
biological schons, 331 
catabolisn, 333 
chronic renal failure, 335, 364 
congental hypothrecidisen screenang, 440 
derndinases, 333 
fetal levels, 334 
free plasma level, 333, 337-338 
half-hfe, 333 
hthsum therapy, 370 
liver metabolism, 183, 366 
muscle metabolism, 546 
necnate, 334, 440 
non-thyroul illness, 395 


mia, 403 
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Thyroxime (T4) cod) 
puuitar-thyrosd aus assessment, 294 
plasma carner proteins, 333 
post-pituitary surgery, 302 
pregnancy, 334 
release, 332 
selt-admonistration (thyrotomcosts factitia}, 
346 
synthess, 331, 332 
thyroid function disorders, 334 
TSH control of secretion, 297 
TSH feedback suppression, 354 
ses abro Free T4: Total T4 
Thvromine (T4) replacement therapy, 345, 0856 
bone diseuse, 343 
hypopituitarism, 311 
hypothyrordism, 350, 351 
Thyronune-binding globulin (FC), 333 
chronic renal failure, 364 
feral levels, 334 
hiver drécase, Hé 
hver synthess, 366 
cestrogen therapr-associated changes, 420 
plasma level abnormalities, 339 
pregnancy, 334 
thyrord function test, 430 
Fhyroxme-binding prealbumin (TBPA; 
transthvrenn}), 3354, 566 
Time-dependent biochemical vanables, © 
Tissue oxvpenanen, 81-886 
acides, 71 
alveolar ventilation, 42 
factors affecung, #5 
hacmoglobin, 83-83 
oxyvecn delivery measurement, #5 
OXVECR transport ro tenues, S4-H5 
oxvéen uptakcs by blood, 82 
PaO., 81-42 
pulmonary discase, 83-85 
shuntmg, #4, #3 
ventlanon-pertusion wnbalance, 82, 83 
Tissue proteins bufler system, 70 
TmPIGER, 104-105 
Childhoud, L04, 105 
estimation protocol, 114-115 
hyperphosphataerma, 106, 147 
hvpocalcaemi investigation, 101 
hypoparatdhyrosdhism, 99, 102 
hypophosphataemia, 108, 109 
oseomalacis, phosphopenic, 519, 520 
régpulatory factors, 104-105 
rénal ostemdystrophy, 521 
Tecopherol: cholesterol ratio, 190 
o-Tocopherol ser Vitamin E 
Tocopherols 
assay, 110 
vitamun E status asscsxsment, 190 
frec radicals scavenging, 770 
Tolburamide, 273 
Tolburamiie stumulanon test, 258 
Toluence, 50, 673 
ToRCÇCH antenatal screemne, 423 
Total body far, 186 
Total body iron, 251 
Total bods muscle mass, 186 
Total body mtrogen, LA 
Tatel body potassium, 188 
Total body protein, 188-189 
Total body water, neonate/pretere fun, 
426 
Total carbon diode (TCO.,), 69 
Tetal cholestérol, 838, 634 
Total iron binding capaciey, 20H 


Total T3, 337 
pPregnancy-assoctated changes, 418 
reference ranges, 337, 338 
Total T4, 337 
liver discase, 366 
Pregnancyr-associated changes, 418 
psychuatnce disorders, 572 
reference ranges, 337, 338 
secondary hypothyroidism, 350 
Toxic encephalopatiues, 588-589 
Toxic mulrinodular goicre, 345 
clinical features, 345 
diagnosis, 543 
treatment, 335-346 
Tec shock syndrome, 246 
Toxic thyroid adenoma, 346 
Toxoplasmos., congeniral infection, 423 
neonatal hypertiirubinaemia, 434 
Tracé elements, 183 
acute phase response changes, 737 
Malignant disease, 645 
Duttitional support roonnoring, 197 
Parentéral nutrition in neonate/preterm 
infant, 437 
Transeminases &e Aminotransferases 
Transcellular Qurd, 25 
Transcobalamin I 
beparic syntheus, 220 
eitamin 5. carnage, 20% 
Transengrion, 687-688, 741, 762 
Transcutaneous PaO., monitonng, 425 
Transfection, 763 
Transferrin, 766, 770 
acute phase response, 718, 737 
alcohol! abuse marker, 228 
desialvisted: total plasma concentration, 
244 
CSE ote-rhimorrhocs, 505 
Eau band, S60, 565 
genetic hsemochromarests, 250-251 
iron binding, 228 
liver function tests, 228 
Quito status assessment, 187 
cestrogen herapr-assaciated changes, 420 
Sertoli cells secretion, 403 
urinary loss, nephrotic syndrome, 152, 154 
Transfernin receptors, uron status assessment, 
201, 203 
Transferrin saturation 
genetic hacmochromatoss, 250 
Presympromanc detection, 251 
haemolysis, 458 
iron deficiency assessment, 2 
iron averload assessment, 204 
Transiormanon, 763 
Transformmeg growth factor & (TGFa), 724 
acamthosis rugricans, 049 
bepatie regencration, 220 
Transforming gréwth factor B (TGFf, 725 
bone marrix, 509 
bone metabolisin, 93 
hcpatié regeneration regulation, 220 
Transgenic arumais, 763 
Transient paraproteinaermia, 503 
Transient tachypnoes of newborn CFENS, 
424 
Transketolase, red cell activity 
hiatmin deficiency diagnosis, 190, $88 
VWermicke-Korkoff syndrome, 571, 588 
Translation, 688, 741, 763 
Transthyrecin see Preslbuman 
Transurethral prostatectoms syndrome, 45 


Trauma 
acqured haermolstic anaenua, 455, 459 
metaboic response see Metabohi response 
to injury 
protcinmuna, 159 
vitarmn L roquirement, 181 
zinc requirement, 182 
Trazodene poisoning, 67% 
Tresument tnals, 22 
Treunoun teratogemcity, 659 


Triacylgiycerols see Triglycerides 
Tramterene, 56 
Tribukin, 577 


Tnéepe skinfoid thickness, 186, 187 
nutnoonal support monitonnag, 197 
“Fneyche antidenressants endocrine effects, 
370 
Trévche antidepressants poisoning, 
674-075 
carditoxicity, 660, 674 
choscai features, 061, 664, 674-673 
infant sccidental overdose, 660 
management 675 
mechamsns, @74 
sincidal drug overdose, 660 
Prethvltetramine dibvdrochlaride, 594 
Trigtyceride lipase, 365 
Trglycende plasma concemration 
chronic renal failure, 138, 139, 465 
dsshipoproreinaema investigation, 639 
foud inteke-related variation, 10 
Malignant discase, 604 
measurement, 038 
nephrotic syndrome, 154 
non-insubhn-dependent diabetes miellinas 
(NIDDMX, 267 
céstrogen therapy-associared changes, 426, 
421 
pregnancy, +19 
Tanger dissuse, 635 
see ahe Lee density hipoprotein (LDL} 
Vers low density 
poproreim {VLDL) 
Frglycendes, 623, 624 
absorption, 204, 62% 
adipose tissue storage, 623 
biosmmthens, 623 
chvlommcrens, 625 
hipoprotein lipase hydrolysis, 626 
dictary encre source, 175 
digestion, 208-209 
emulsafication, 208 
cnrcral fecing, 196 
mtestinal absorption, 633 
hiver syathesis, 220 
metabolisn 
hydrogen ton producuon, 63 
neonate, 425, 420 
muccsal cell resemthesis, 206 
Tr-icdechyrenine (T3), 2 
catabohsmm, 333 
chronic renal fulure, 335, 304 
fetal'neonatal levels, 334 
formation from thyroxmiune (T4), 333 
free plasma level, 33%, 337-3438 
half-liie, 333 
bthrum therapy, 370 
hiver metabolism, 366 
non-thyroid illness, 335 
plasma carrier proteins, 333 
pregnancy, 334 
release, 332 


Trosodothyronine (conti 
seif-administration (thyrotoxicnss factitia}, 
346 
starvanon, 236$ 
synthesis, 331, 332 
thvrouid funcrion disorders, 334 
TSH corurol of secretion, 297 
TSH fedback suppression, 334 
soc also Free T3; Total T3 
Tri-siodothyronme (T4) receptor defect, 353 
Te-sodothvronme (T3) therapy, 350, 351 
Trilostane, 323, 684, 702 
Triose phosphate isomeruse (TPE deficiency 
chronic haemolstic anaemin., 456 
chnical features, 453 
givooiytic intermediates concentration, 464 
screening test, +02 
Triple phosphate stones, 170 
Fnple test, Diown's syndrome screening, 
415-410 
Trisomies, 146 
fetal scréenmeg, 415 
Frisorny 13, 435 
Tosormsy 18, 435 
Prisons 21 se Down's syndrome 
Trophoblasthe tumours, 347 
Tropical sprue, 203, 206 
Troponin C, 783 
Troponin I, 783, 744 
Troponn T 
mvocardial ischacmia, 783-744 
unstable angine, 780, 784 
Tropouins, myocardial ischaemua, 784-784 
Trué néganves (TN, 20 
True positives (TP), 20 
Trpsin 
acute panicreéatitis, 7 #6 
protein digestion, 207 
Trypsnogen, 786 
Tryptophan 
inahgnant disense, 693 
nmicotinsmide synthesis, 180 
serotonin liospathesis, 680-681 
Tryptophan load test, vitermin B, déficiency, 
130 
Tuberculosis 
Addison’'s disease, 321, 322 
ascites, 245 
ducocorticoid stress response attention, 
357 
granuloma 1,25-dihydroxyviamin D 
svathesis, 92 
hypercalcacmia, 42, 96 
hyponituaitarin, 1309 
memingus, 559, 564 
Tubular necrosis, acute, 151-133 
diuretic phase, 132 
fluid'sodium replacement, 133 
hepatorenal syndrome, 133 
natural history, 132 
ohgurc phase, 132 
paracetameol péisoning, 240, 666 
pathogenesrs, 131-132 
récovery phase, 132 
unnary sedimenvossrs, 125 
Tubulomternual nephropathr 
causes, 154 
hyperkalaemia, 57 
tubular proteimuris, 194 
Tumorsl calcinoss, 106 
T'umour fais syndrome 
acute renal failure, 109 
hyperphosphatacmue, 106, 107 


hypocalcacmia, 100 
Tumour markers, 705-716 
ACTH-dependent Cushung's syndrome, 
30% 


alkabne phosphatase isvenzymes, 694 
alphaletoproncin (AFP), 714 
applicanons, 706-707 
APUD cell hormenes, 713, 714 
assays, 708 
breast carcinoma, 7 14 
CAI2S, 711 
CA19.9, 713 
CA-50, 713 
CA195, 711 
calcrtonin, 715 
carcinocmbryomic antigen (CEA), 713, 714 
chonecarcinoms, 710-741 
clinical vsefulness assessment, 705-706, 
708-715, 716 
definition, 705 
diagnosis, 706 
ectopic hormone products, 692, 693 
follow-up, 707 
gastroinrestuinal mamours, 712-713 
germ cell tumours, 708-710, 714 
heparoblastonna, 714 
human chonomic genadotroplun (hCG}, 
602 
léctate dehydrogenase (LDH}, 695, 715 
lung carcinoms, 714-715 
IMORITONNE response to therapy, 707 
mucinlike gycoproteins, 714 
éuitiple mveloms, 500 
heotiatal vunours, 714 
névroblastoma, 714 
neuron-spécific enolase (NSE}, 695, 714, 
715 
oestrogen-binding receprots (ERs}, 714 
ovanan tumours, 711-712 
pacdiatne tumours, 714 
paraprotcinacnia/Bence Jones proteins, 495 
predicuive value, 705 
primary hepatocellular carcinoma, 
713-714 
progrnostic value, 706 
prostate-specific antigen (PSA}, 712 
prostatic acid phosphatase (PAP, 712 
prostatic carcmoma, 712 
residual disease detection, 706-707 
screerung, 706 
SORAIUVIEY, 705 
specific markers, 707-708 
specificite, 05 
squamous cell carcinoma-associated 
antigen, 115 
thyroglobulin, 715 
thyroid neoplasrs, 352-353, 715 
tumount-sssociated, 705 
tumour-derived, 705 
tumour-specific, 705 
Tumour necrosis factor & (TNFoz cachectin}. 
721, 724, 7126 
acuoms, 554, 724 
acute phase response, 358, 734, 736 
acute phase proteins, 730 
time course, 736 
bone destruction, 499 
CSa-mediated release, 733 
clinical shéck, 734, 735 
emdogenous pyrrogen activity, 698, 726 
lLpopolysacchande (LPS) response, 724, 735 
prostaglandins in regulanon, 359 
stress hormones release, 735 
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tumour-induced hypoglycacinmia, 290 

Tumour necrosis factor 5 (TNFÉ; 
lvmphoton), 121, 724 

actions, 724 

béme metaboliam, 93, 499 

hypercalcaernia of malignancy, 96, 695, 696 
Tumours, metabholic effects, 679-703 

hypoglycaerua, 389-200 
Tumer's syndrome, 349, 439 
Tsrosinaemis, 253-254 

biochemical findings, 435 

chiddhondneonatal het diseuse, 435, 436 

chnical features, 253, 436 

diagnostic pests, 254 

porphymnuns, 479 

prenatal diagnosis, 254 


UDP-glucuronyi transferase, 433 
UDP-glucurony! transferase deficiency, 232 
Ulcerativwe cobts, 208, 537 
LUlrrasourd 
acute cbitructive renal failure, 131, 132 
Cctopic pregnancy, 414, 787 
fetal malformanon screening, 415 
fetal ussue sampling guidance, 416, 417 
undhice investigation, 231, 238 
ovanan tolhicles, 393, 394, 395 
crarian morghology, 400 
ovulation assessment, 400, 401 
polreystic ovanes, 399, 40! 
chyrid imaging, 536 
tone multinodulsr goitre, 545 
Unsaturated B,, binding protein CUBBP, 
249 
Lnsrable angina, 784 
Upright posture, 9-10 
Uraemic encephalopathy, 137, 589 
Uracmuc syndrome, 123, 135, 136-139 
chinical features, 136, 137 
tosons, 136 
Uraermic toxins, 136 
sexual dysfunction, 363 
LUrate plasma concentration 
articular disease, 541 
fetai well-being assesament, 417-418 
hercditars xanthuinuris, 171 
neonatal hypoglycaemia, 442 
rhabdomryolvsis, 157 
uric acid stone formation, 70 
Ures cycle, 221, 448, 606, 607 
Ures cycle disorders 
amino acid plasma concentration asser, 608 
ammonium plasma concentration assay, 607 
differential diagnosis, 607-008 
hyperamumonsernis, 448-449, 606-607 
chrucal features, 6017 
liver Hiopsy assays, 608 
ments! handicap, 606-408 
neonatal liver disease, 435 
prenatal diagnosis, 608 
rospiraters alkalosis, GOT 
Reve's syndrome, 250 
screcning, 607-608 
treatment, 449 
Ureu kinetic modeling {UKM), 141 
L'rea plasma concentration 
acute brain syndromes, 576 
acuic pancreantis, 785 
acute renal failure 
intrinsic, 130, 131 
prerenal, 130 


renal replacement indication, 134 
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Crea plasma concentration {comn 
ascites treatment monitonné, 245 
chronic renal failure, 137 
cirrhouts with renal failure, 246 
compansen of results with reference limits, 

18 
haemodialysis assesement, 141 
hyperkalaerrta, 57 
hypokaisena, 54 
metabolic response to inpory, 717, 718 
muscle discase, 548 
neonstopreterm infant, 428 
polyuria, 40 
preumancv-assocatedl changes, 416 
protein intake-celated vanation, 10 
renal function assessment, 128 
sodium deliiency, 33 

Lires synthesis, 219, #21 
arrino acid metabolism, 65 
hydrogen 16n generation/consumption, 
liver acinus, 219 

reverse calcul, 132 

Uretenic colic, 123, 169 

Uréreric obstruction, 132 

Lreterosigmendoenmy, 52, 520 

Ureterostomy, cutancous, 52 

Urethral stnicture, 132 

Linie acid nephropathy, 538 
acute renal failure, 542 
chnicel festures, 696 
gout, 535-646 
malignant diseuse, 696, 703 

Unie acid overproducnuon, Lesch-Nyhsn 

syndrome, 616 

Unic acid stones, 170-171, 546, 537 
presention, L71 

Lmalvsis, 124-135 
acute renal failure 

intrinsc, 131 
prerenal, 130 
sppearance of urine, 124 
articular disorders, 542 
glucose, 125 
pH, 125 
proteinuna, 124, 125 
specific éravitr'osmolalits, 124-125 
urwrary sedinment, 125 

Crnary acidificanon west, 172 

Urinary amino acid chromatography, 128 

Urinary caleuli, 123, 169 

Urinary casts, 125, 160 
acute renal failure 

smtrinac, 131 

prerenal, 130 
mulcpie mycloma, 158 
Tarmm-Horsiall giycoprotein, 145 

Lrinary frequency, 123 

Crnars protein excretion, 4, 146-147 
age-assocated vanahon, 146 
hurnal variation, 147 
exerciec-related vanarion, 146-147 
normal, 146 
rosture-reluted vanatnon, 146 
pregnanuy, 147 

Lrinars sediment, 123% 
acute intrinsie renal fadure, 151 
haemosnutenn von, 458 

Urinary tract mfection 
neconatal hyperammonsennia, 448 
triplé phosphate stone formation, 170 
urine turbadity, 124 


L'nnars tract obstruction 
acute renal fadure, 139 
ininnsic, 151 
obetructive (posrrenal}, 132 
hagnosis, 141 
bypokaisenns following relief, 53 
renal sodium loss following relief, 32 
Urinary urea nitrogen, 188 
Umine 
buffer systems, 64, Gt 
colour, 134 
foamins, 124 
odeur, 134 
plhydrogen ion excretion, 66 
protein content, normal, 146 
sediment, 125 
spocitic gravity'osmolahty, 124-125 
turbidity, 124 
Urine caletum méssurement, 94 
hypoparathyroidism, 49 
intestinal caicrum sbsorpaan, 94, 113 
Cnine cortisol messur ement, 319 
collecung duct, 123 
distal comvolured tubule, 133 
Loop of Hente, 123-123 
proxienal convolutéed tubule, 121 
Uinine wsmolaliey, 29, 123, 124-125 
Chronic renal failure, 137 
collecting duct funcrion, 134 
diabetes insipidus (DD), 298 
necnate, 427 
sodium deficiency, 33, 47 
Urine suck tests, LGO 
Urobihnogen, 224 
haemolyus-associated increase, 455 
Urobilinogen urine concentranen 
Oilsars obstruction, 231 
haemolysis investigation, 460 
Urokinase, 145-146 
renal cubular secretion, 145 
Liroporpherin 
excrebon, 469 
porphyris cutanes tards, 476 
L'roporghynnogen cosynthase, 467 
Uroporphyrinogen cosynthase deficiency 
erythropoietic porphyria, 473 
bepatoerythroporetie porphyria, 477 
porphyra cutanca tarda, 476 
Lroporphynnogen decarboxylase 
lead roxcity, 479 
Uroporghyrinogen decarboxyiase deficiency, 
porphina cutancse tarda, 244, 475 
Rs l 
porphyria, +74 
spé Losyathestt, 487 
Uroporphynnogen I] 
ervihropoietic porphyria, #74 
hscm hiosynthesrs, 467 
Ursodeaxycholic acid therapy, 253 
Urerus 
developmental changes, 386 
menstrual cycle changes, 595 


Vagmal functuon, 398 

Valine metabolism, 447 

Valine metabolism defect, 449 

Vanilln effect, 10 

Vanishing vestis eyndrome, 389-390 

Variable number of tandem: repeats 
(VNTRSs), 752, 763 


Variable remons, 497 
Vanable (Vi gene segments, 494 
Varicella, 436 
Vancose veins, 193 
Variegate porphyris, 253, 471-473, 745 
acute abdomen, 787 
acute attacks itrrestigation, 480 
acute intermittent porphyria (AÏP: 
cembinatnon, 477-478 
clinical features, 473 
cutanéous lesrons, 472, 480 
penpheral netropathy, 597 
differential diagnosis, 472 
genetic aspects. 471 
mvestigations, 472 
latent disease, 471, 472 
photosengtiaity, 470, 473,478 
management, 472 
plasma fluorescence spectrum, 472 
prevalence, #71 
treatment, 472 
Vasoactve intestinal peptide (VIP}, 726, 130 
actions, 730 
inéubin release response, 260 
tumour sécrétion $oc VIPoma 
Vasopressin se Argnite vasopressin £AVP) 
Vasopressinas, placental, 39-40 
Venesectron, 319 
Ventilation, alveolar, 42 
Ventilation-perfusion imbalance, #2, 8%, 84 
Verner-Mornson smdromes 
glucose intolerance, 269 
sec also VIPoma 
Very long chain fatty acids (VLCFA) 
sdrenoleukodystrophy, 541, 592 
adrenomyeloneuropathy, 545 
perousomal disorders, 450, 451 
Very low dençty hpoprotem (VLDIL), 624 
ape H-10N), 624, 626 
apo C1, 625, 626 
apo C-[1, 625, 626 
ape (111, 625, 626 
ape D, 625 
atherogenesis, 621 
chronic renal failure, 138-139, 365 
diabetes mellitus, 272, 274 
dyshpoprotcimaenias 
abetabhpoprotemaenns, 593 
familial combined hyperlipidsemia 
FECH), 631 
fanukial hyvpertnglrcendaernis (FHTG), 
631 
fish eve disease, 635 
HTGL deficiency, 635 
hyperapobetalhipoproteinaemis, 631 
remnent brperhpoprotensemua (WHO 
tvpe EI, 632 
gross appearènce of plasma/serum sample, 
638 
hoepatie sécrenon, 626 
LPL-mediatéd lipolytis, 627 
métabolic transformation in plasma, 
626-627 
mucosal cell svatheais, 209 
nephrotic sndrome, 154, 636 
vestrogen cflects, 421, 636 
particle se vananon, 626-627 
remnants, 627 
cholestersl ester transfer from HDL.. 
6.27 
removal, 625 
«mal! tngivcende-poor, 621 





Fibre choierue diarrhoea, 213 
Villus cell rumours, 380 
Vincristine, 686 
VIPoëma 
APUD tumours, 713 
clinical fearures, 213, 684 
glucose mrolcrance, 576 
metaholhc acidoss, 51 
muluple endocrnne neoplana | {MEX 1}, 
684 
VIF plasma concentranon, 684 
Viral éencephalitis, 563 
Viral hepatitis see Hepatitis, viral 
Viral meningitss 
CSF-plasma glucose ratio, 559 
investigations, 903 
LSE C-rencuve proten, 564 
CSF lactate, 564 
CSF lactate dehycdrogenase, 564 
CSF proteunvelucose, 567-564 
Vaniizanon, 401-402 
acanthosis nigricans, 270 
congenital adrénal hyperplasia 
Lif-hydroxyiase deficency, 378 
21-hydroxylase deficiency, 477 
Ff-hydroxvstenoid dehydrogenase 
deficiency, 378 
mater) androgen-secreting cumours, 580 
partial androgen insensitiviry sundromes, 
383 
placental aromatase deficiency, 3840 
Visual Geld loss 
boperproiactnaens, 404 
peourarv'hypothalanuc mass leuons, 296, 
302, 308, 684 
Vitarmin À {reunol}, 177-178, 189 
actions, 177 
body store assessment, 189 
cancer protective cflect, de 
caroienotd pigments, \'é 
dietary sources, 177 
heparc storage, 177, 210 
structure, 177 
teratogenmacity, 178 
tonicity, 177-17S 
Virarin À (rennol) deficiency, 177 
abetalipogrotenaenta, 630 
laboratory investigations, 189 
Vitarun B, Cduamem), 179-140 
body stores assesament, 190 
W'ernicke-Korsalkoff syndrome, 571 
dietary sources, 179 
funcronal aspects, 179 
intestinal absorprion, 179 
plasma concentration, 190 
toxicity, 179-180 
urinary concentration, 190 
Vian B, (thiamin) deficiency, 179 
alcool abuse, 588 
heritable susceptibilirv, 571 
laboratory investigations, 190 
red cell transketolose actieity, 190, 588 
Wermicke-Koreakoff syndrome, 571, 588 
Vitamen BE, (thiamun) therapy 
dialysis patients, 176 
maple svrup urine disease (MSUTY, 449, 
li 
Wernicke-Korsakoff syndrome, 588 
Vitarmin B,, 180, I81 
body siures assessment, | 90 
drug-assaciated disorders of metabolism, 
180 
mtesunal absorpuon, 179 


malignant ossue metabolism, 695 
toxiciey, 180 
Vitamin B, deficiency, 180 
hyperoxaluns, 170 
laboratory investigations, }%0 
sulphur-containung amimo acids 
metabolism, 60 
Vicanin B, supplements, 180 
cystatimonnuns, 610 
homocvsanursa, 450, 610 
Vicarmin B.. 204-205 
sbsorpuon., 204-205 
assessment (Schilling test}, 205 
gastric acid actions, ZM 
ilesl active transport, 204-205 
entrinaic factor (IF complex, 204 
R binding protein, 244 
dhetary sources, 204 
funcronal sspects, 204 
homocysuinuna, 450 
malabsorpüion investigation, 211 
pregnancr-astociated changes, 420 
propions! Co metabolism, 447 
status assesement, 209 
structural aspects, 204 
toxic, 205 
transcobalamun Îl carrier protein, 205 
Vitamin B,, deficiency, 205 
assessment, ES7 
heermatologicul changes, 203 
folate deficiency relationship, 254, 204 
hypethyroidiam, 348 
laboratory investigations, 205 
malignant disease, 607 
Viracin B,, malabsorpuon 
chucal features, 200 
small bowel résection, 211 
spinal cord subacute combined 
degencranon, 594 
Vuamin B,, supplements, 205 
methyimalonic acidaerma, 448 
antoxdant activity assav, 776 
ascorbate unnarr concentration, 191 
cancer protective effect, 194 
dietary folate availabiliry, 263 
free radicals scavengng, 770-771 
funchonsl aspects, 181 
high dose intake, 181 
hsperaxaluria, 170 
imestinal absorption, 179 
leukocvre concentranon, 143 
maligrant tissue metabolisn, 695 
plasma concentration, 191 
status assessment, 191 
Viramin C deficiency, 181 
folate requirement, 203 
laboratory investiganons, 191 
Viamun € supplements with desferrroxamine, 
486 
Vitarnin D 
actions, 42 
body store assessment, 189-100 
calcium sbsception, 92 
bi" dés of maligriant disease, 695, 


de }11 
idiopathic hypercalciuns, 105 


metabolism, 91-92 
in granulomatous tissue, 96 
hepartic 25-hydraxylation, 91 
renal Lé-hvrdrasvlstion, 81-92 
metabolitée measurement, 92 


INDEX 853 


phosphate transport defects, 167 
synthesis, 91 
toxiciry, 97, 98 
sec aise 1,25-Dihwdroeyvitamun D 
(1,250H;, D) 
Vitae D la-hedroxvlated derivatives, 42, 
102 
hypophosphataemic osteomalacia, 520 
csteopoross, 416, 317 
pre/post-parathvroidectomes, 524, 535 
renal ostecdystrophy, 140, 423 
treatment Mmontonng, 524 
Vitarnin D deficiency, 181 
bone mineral density BMD), 514, 516 
hypocalosema, 100, 101, 102 
laborausty investigations, 149 140 
nephronc syndrome, 153% 
osteomalacs, 517-5158, 519 
phosphare {TMmPIGER) reduction, 104 
prvatonal, 515 
nickets, 431, 517-518, 519 
hentable forms, 102, 432 
secondary hyperparathyroidisen, 104 
tremtment, 102 
Van D 'malabsorprion 
sbetalhpoproteinaenta, 593 
checal features, 300 
Vian D receptor, 92 
genetic vartants, 514 
Vitamin D receptor défect, 518 
Vitaein D, supplements 
Fancons syndrome, 169 
lsborstors monitonng, 190, 510 
parenteral fecding, 107 
rickets of prematurity, 431 
tone levels, 190 
Vitamin D-binding protein, 91 
Vitamin D-dependent nokets pe | 
renal la-hydrolase deficiency, 518 
response to therapy, 519 
vitarnin D deficency management, 102 
Vitamun D-dependent nckets type Il 
1,25 0H),D receptor abnormality, 518 
response 10 therapy, 510 
Viamie D, (ergocalciferol}, 91 
Vitamin D, (cholecalciferol}, @1 
Vitemun D, écholecaloiferul}, supplements, 
516 
Vitarun deficrency 
fat soluble 
nhetalipoproreinaermu, 630 
chylomicron rétention disense, 631 
short gut smdrome, 214 
Vitamun E (u-tocopherol), 178 
ü-tocopherol assay, 776 
body store assessment, 190 
cancer protective effect, 194 
functional sspects, 178 
nutmtional requirement, 178 
Vitarmn E lo-tocopherol) deficiency, 178 
abetalipoproteinaemua, 593, 640 
iaboratory investigations, 190 
néonatés, 458 
Viiamin E (o-tocopherol) therapy, 178 
abetalipoprotenaenia, 493 
neonates on ventilators, 425 
Vicunin K, 178-179 
body store assessment, 190 
dhetary sources, 179 
functional sipects, 178-179 
supplementation in neonate, 174 
Vitemin K deficiency, 170 
laboratory invéstigations, 100 
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Vitarmin K deficiency (com) 
hver disease, 228 
protiromban une ÉPT), 228 
Vitarnin & malabeormption, cf 
hpoproteimaennua, 593 
Vitamin K-dependent clotting factors, 178 
liver disease, 228 
malabhsorption investigation, ZI 1 
prothrombmn tune (PT}, 228 
Vitaoun K, (phyromenadione), 178, 179 
Vitemins 
chronic renal failure, 140 
dhétary requirements, 176-182 
Et-soluble, 176, 177-174 
mahgnant disease, 695 
auimiional status assessment, 189-191 
parenteral feeding, 197 
parenteral solutions, 196 
water-soluble, 176, 179-182 
Votatie substance chuse, 672, 671 
cardiotonicitr, 660 
chidhood pensoning, 660 
restnbunon hypokalsemia, 50 
Volume of disnbunon {Vd}, 641, 642 
Volume repletron 
acute renal failure, 133, 134 
acute tubuler necrosis, 132 
obstructive (postrenal), 132 
prerenal, 131 
disbetic non-ketotic hyperosmolar states, 
277 
hypercalcacmis management, 98 
ketoscidons, 277 
non-resmratory alkaloms, 77, 78 
renal calcium metabolism, 89 
short gut syndrome, 213 
sodrum deficiency, 33, 34 
Vomiting 
hypokalsemis, 50, 52 
non-respirators alkaloss, 78 
von Cnerke's distase see Crucose 6- 
phosphatasc (G6P3 deficiency 


Waldenstrom's emacroglobuhinaema CAM, 
501-502 
Bence Jones prosein, 502 
hypérvscssty syndrome, 301, 902 
paraprotems, 502 
Warfann, 178 
Water 
body content, 25 
collecting duct resbsorption, 123 
disorders of metabolism, 47-49 
intake contral, 29 
iatraccllular fluid CF), 25-26 
loop of Henie reabsorpuon., 123 
oemorcgulianon, 28-29 
proximal convolured cubule reshesorpuon, 
121 
Water deficiency 
hypernatrecmia, 42-45 
estimation of deficit, 59 
with thurst, 42 
without thirst, 42-43 
sein deficiency, 31 
fluid replacement, 34 


Water deprivation test, 40-41, 300.301 
desmoprésen response, 300-301 
chiubheres insmmdhus, 2G$ 
indications, 312 
protocol, 59, 312-313 

Vasopressin test, 59 

Water excess, prumary, 37 

Water intoxication, 47, 44-46 
neurological mamifestanens, d6, 5854-54) 
sodium requirement estumation, 59 

Water loud rest, 60 

Water losses, preterm infant, 427 

Water retention 
chronic diunanal hyponatracrrua, 46-47 
chrome renal falure, 136 
nephrotic syndrome, 153 

W'atery diarrhoea-hypokalaemia-achiorhydria 

CWDHA) syndrome 
glucose intolérance, 260-270 
metabolic acidosis, 51 
Werner: sumdrome see Mulnple endocrine 
ncoplasra 1 (MEN 1) 

Wernicke-Korsakoff syndrome, 179, 588 
diagnosis, 588 
treatment, 588 

Wernicke's encephaloparhy, 571 
brochermical investigations, 571 
chnicel features, 588 
neuropathologicnl changes, 588 
tréétment, 386 
see alu Wermcke-Korsakoff syndrome 

Western blot, 763 

Whuipple's disease 
arthniuis, 538 
mucosal biogay, 211 
Protcin-losing énteropathy, 208 

Wild type, 763 

Wilians’ syndrome see Hypercalcaernia, 

infantile 

Wilms' tumour, 40 

Wilson's disease, 251-252, 592-593 
äcute liver failure, 239 
cacruloplasmin plasma concentranon, 228, 

243, 251, 252, 436, 571, 593 
calcium pyrophosphare disease association, 
+36 
carrier detection, 593 
Chronic active heratitis (CAH), 243 
chruical features, 446 
copner metabolism, 242, 251-252, 436, 
571, 593 
serum concentration, 252 
tisue accumulation, 251-252, 592 
unnars concentration, 252 
diagnosis, 242, 436 
Éenetic aspects, 502 
hypouricaemin, 5346 
Kayser-Fleischer rings, 242, 261, 593, 504 
laboratory mvresniganons, 251-252, 593 
hiver biopsy, 252 
liver disense, 251, 436 
Managemcnt, 232 
liver function tests, 242, 251 
eurological manifestations, 592 
pathophysology, 543 
Psychiatrie marufestacions, 571, 592 
renal dysfunction, 251 
treatment, 593 


unnary É.-microgiobulm, 156 
Welfram syndrome, 37 


À chromoscine mapping, 740 
“-bnked hypophosphataem mcketsf 
csteomulacin, 165, 167, 431-432, 519 
X-limked inhentance, 744, 745 
domanant traits, 745 
À chromosome mactivation cfect, 745 
X-porphynin, faccal, 472 
Xanthunc cxidase 
frec radicals generation, 764, 773 
chacmic reperfusion injury, 773 
Nanthine oxdase deficiency, 171 
with suiphite oudase deficiency, 171 
Nanthuine stones, 171 
Aanthinuri 
hérecrears, 171 
bypouncaemua, 536 
suiphute oxdasc deficiency, 171 
Xanthochromia see Biirubin, cerebrospinal 
fic 
Aecroderrna pigmentosum, 750 
XX male, 375, 341 
XY female (pure gonadal dysgenesis;, 375, 381 
Xvlose sbsorpuon test, 206-207, 211 
prnécol, 214 


Ÿ chromosome 
sexual differentiation, 375 
structural sbnormalities, 381 
tests determning gene CSRY), 375 
point mutation, 341 
X-Y transhocauon, 381 
Yohimbine, 410, 577 


Lellweger sendrome (cerebro-hepato-renal 
syndrome), 451 
chrical features, 451 
neconatal bver discase, 435 
peroxisonme function fadure, 451 
£anc, 182 
acute phase response changes, 737 
baxdy stores assessment, 191 
dhetary sources, 182 
enteral nutrinon, 197 
fanchonal aspects, 152 
malgsant disease, 695 
parentéral feeding, 197 
plasma concentration vanation, [91 
ussue distnbution, 182 
towicity, 187 
dune deficiency, 182 
clinical features, 437 
laboravory investiganons, 191 
parenteral feeding, 197 
neonatepretertm arfant, 437 
inc sulphate therapy, 593 
Zinc suppléments, 191 
Zinc-dependent enzymes, 467, 771 
Zollinger-Ellison syndrome 
glucose intolerance, 269 
metabolic alkaloushypokalaemia, 51, 52 
mulopie endocrine necplans 1 (MEX 1), 683 
coexistent hyperparathvroidienm, 685 
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